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ABSTRAKT, KLÍČOVÁ SLOVA 
 
ABSTRAKT 
Diplomová práce je zaměřena na výběr pohonné jednotky pro Formuli Student, sestavení 
spolehlivého výpočtového modelu za využití pokročilého testování. Dále se zaměřuje na 
přípravu vhodných podmínek pro testování, samotné testování a následnou kalibraci řídicí 
jednotky pro validaci simulací a také pro efektivní a spolehlivé řízení motoru v náročných 
závodních podmínkách. Je zároveň součástí komplexního projektu, který se zabývá 
celkovým vývojem přeplňovaného jednoválcového motoru pro tým TU Brno Racing. 
KLÍČOVÁ SLOVA 
Elektronická řídicí jednotka, jednoválcový motor, přeplňování, testování motoru, 
dynamometr 
ABSTRACT 
This thesis focuses on the Powertrain choice evaluation for Formula Student car, building a 
reliable computational model by using an advanced testing equipment. The work is than 
focused on preparing the testing conditions, testing itself and also calibration of the Engine 
Control Unit to be able to validate the simulations as well as set the engine to run efficiently 
and reliably in hard racing conditions. It is part of the complex project developing 
turbocharged single-cylinder engine for TU Brno Racing team.    
KEYWORDS 
Engine Control Unit, single-cylinder engine, turbocharging, engine testing, dynamometer 
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INTRODUCTION 
 
INTRODUCTION 
 Formula Student is the International Engineering competition where young people 
compare their abilities to design and develop a race car for a serial production. It is also a huge 
chance for young engineers to accept the challenge to build clever, innovative and most 
importantly real things.  
 TU Brno Racing team who has taken part in Formula Student for five years has also 
accepted the concept where every year a completely new car is designed and built. Last year 
season with 4th generation of their car was the most successful and consequently high 
expectations for the next season has been established.  
 5th generation of Dragon’s family will be more a revolution than an evolution of the cars 
built already. The biggest decision was made to challenge the team by developing something 
which has never been done.  
 The concept was set to change the Powertrain unit with aim to increase the power and 
reliability. The rest of the car will be adapted to such change as well as the design will be 
focused to the overall team’s concept which is reducing the weight, lowering the centre of 
gravity, design to manufacture and of course meet the deadlines. 
 This work is one of the theses which together present the overall Powertrain choice, 
design, development and testing for the 5th generation of TU Brno Racing Formula Student car.  
 
 
Figure 1 5th generation of TU Brno Racing cars
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1 FORMULA STUDENT 
The Formula Student competition is an engineering competition which sees university 
students design, develop, manufacture and then compete in competition cars against teams from 
Universities based around the world. The cars are designed around the ethos that the vehicles 
are to be purchased and used by the typical weekend racer in autocross competitions held on 
tarmac tracks. 
There are various design, static and dynamic competitions in which teams are awarded 
points based upon their performance in each of these events. The overall winner of the Formula 
SAE competition is the team which accrues the largest amount of points throughout the entire 
competition. 
1.1 EVENTS BREAKDOWN 
Each of the events are scored differently and thus the design and development of the 
competition car has to consider this. For example it is possible to build a large budget, highly 
complex race car which results in the team winning all of the dynamic events. However, as this 
is too far removed from the ethos of the competition, you are not likely to win the event as a 
whole as the design and costing components form a significant part of the point’s allocation. 
Table 1 FSAE Event Points Allocation [1] 
Event Points 
Endurance 300 
Autocross 150 
Efficiency 100 
Acceleration 75 
Skid Pad 50 
Engineering Design 150 
Cost 100 
Presentation 75 
TOTAL 1000 
 
The fuel efficiency component is calculated during the Endurance event, effectively 
meaning the team’s performance within that event is worth 40% of the total competition, thus 
a good performance during this event is vital to a successful competition. The endurance event 
also requires that the engine is stopped and then ‘hot started’ during the event. 
1.2 TU BRNO RACING 
TU Brno Racing has been taking part in Formula Student international competition since 
2010. This year the 5th generation of Dragon’s family is built. To achieve the top results a 
decision was made to develop completely new innovative car which will be the best not only 
BRNO 2015 
 
 
13 
 
FORMULA STUDENT 
 
in Engineering Design Event where the team succeeded last year but in Dynamic disciplines as 
well. 
Single cylinder engine with space frame tubular chassis and 13 inch rims concept is 
followed again. However the new engine has been equipped with turbocharger to increase the 
power output. This with completely new suspension kinematics results in completely new 
chassis concept followed with improved aerodynamics package. All of those changes makes 
the Dragon 5 unique car all among the starting grid. 
  
 
Figure 2 TU Brno Racing 2015 car; Dragon 5 
 
BRNO 2015 
 
 
14 
 
COMPARING DIFFERENT POWERTRAIN UNITS 
 
2 COMPARING DIFFERENT POWERTRAIN UNITS 
2.1 COMPETITION AND DATA RESEARCH 
Every project starts with looking into what has been done on this subject in the past and 
this project was no different. At the beginning a detailed analysis of the competition has been 
conducted to try to sift out any clues about possible correlations between performance at 
different Formula Student competition events and powertrain choice. 
The need for a more in-depth analysis arose from the fact that this year the team was 
faced with a difficult decision on making a new powertrain choice moving away from the long 
used Husaberg FE570. The options were open and among considered were different single-
cylinder and twin-cylinder engines. Although the 4-cylinder engines were not considered as an 
option due to a team wide initiative of dramatically reducing weight, they were included in the 
study to better analyse their pro’s and con’s and compare what other teams have achieved with 
them. 
In order to do that, it was decided to analyse the Formula Student Germany (FSG) 2014 
competition. Year 2014 was selected as the most recent year that would best highlight all the 
recent developments in Formula SAE series and would best reflect the potential possibilities 
and powertrain design solutions. 
The teams to be analysed were selected with top-down method simply by going through 
the overall World Ranking Results table and selecting the top four teams competing at FSG 
2014, using 4-cylinder, twin-cylinder and single-cylinder engines and. Turbocharged engines 
are represented by 2-cylinder Karslruhe KIT and Melbourne Monash single-cylinder. The 
teams looked at are presented in a table below: 
Table 2 List of FS teams included in the competition research 
4-cylinder 2-cylinder 1-cylinder Electric 
Hochschule Esslingen 
Friedrich-
Alexander-
Universität 
Erlangen-
Nürnberg 
Corvallis Oregon 
State University 
ETH Zurich 
Hochschule für 
Angewandte 
Wissenschaften Hamburg 
University of Bath 
Melbourne 
Monash 
TU Delft 
Universität Stuttgart Karlsruhe KIT 
Technische 
Universität Graz 
Karlsruhe 
Institute of 
Technology 
California State 
Polytechnic University, 
Pomona 
 
University of 
Washington 
Fachhochschule 
München 
 
Each of these team’s score at FSG 2014 was recorded and all were arranged in a set of 
bar charts to allow for easier visual comparison. 
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2.1.1 STATIC EVENTS 
COST EVENT 
An excerpt from FSAE 2014 rule book states the following objectives to be satisfied at the 
Cost event: “The objectives of the Cost and Manufacturing Event are: 
 To teach the participants that cost and budget are significant factors that must be 
considered in any engineering exercise. 
 For teams to make trade off decisions between content and cost based on the 
performance advantage of each part and assembly. 
 To gain experience with creating and maintaining a Bill of Material (BOM). 
 For the participants to learn and understand the principles of Design for Manufacture 
and Assembly, lean manufacturing and Minimum Constraint Design.” [1]. 
 
Figure 3 Cost event scores of targeted teams at FSG 2014 
As can be seen from the stated above objective of the event, the scores and teams’  
performance in this event have nothing to do with the powertrain choice, which is also 
confirmed in Figure 3, which showed no identifiable correlation between the powertrain used 
and the scores. The maximum score available for the Cost event was 100 points. 
PRESENTATION EVENT 
To understand what the Presentation event is, what its objective is and what the teams 
are judged on it is again necessary to refer to the rules: 
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“The objective of the presentation event is to evaluate the team’s ability to develop and 
deliver a comprehensive business case that will convince the executives of a corporation that 
the team’s design best meets the demands of the amateur, weekend competition  market, 
including Sports Car Club of America (SCCA) Solo, and that it can be profitably manufactured 
and marketed.” [1].  
 
Figure 4 Business presentation event scores of targeted teams at FSG 2014 
Once again, it becomes obvious that the team’s ability to create a solid business logic 
case and present it has very little, if anything, to do with the powertrain type they have chosen 
to use for the competition. It is also reinstated in Figure 4, as no general trend or tendency 
between the engine type used by a team and their scores in the Presentation event could be 
found. The maximum score available for the Business Presentation event was 75 points.  
DESIGN EVENT 
The design event is sometimes regarded as the most prestigious event of the competition 
as it is the event where the engineering thinking, design, and ingenuity of teams in solving 
design conflicts are evaluated. 
The objective of the event is “to evaluate the engineering effort that went into the design 
of the car and how the engineering meets the intent of the market.” [1]. 
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Figure 5 Design event scores of targeted teams at FSG 2014 
The maximum score available for the Design event was 150 points. At the Design event, 
as was found from personal experience, it was less important what component the team was 
actually using than it was to know why they are using exactly this component or this particular 
system. The Design event favours knowledge behind the decisions rather than the outcome of 
those decisions, as such there is no direct correlation with the powertrain choice, which can also 
be seen from Figure 5.  
However, one of the engineering design targets of the competition is reduction in weight 
and some engines are lighter than others, for example, a twin-cylinder is lighter than a 4-
cylinder and a single is lighter than a twin. As a result, there is a correlation between the 
powertrain used and the total weight of the car, something that is considered by the judges when 
scoring the event, hence a minimal correlation with the Design event scores is also present 
giving a slight competitive advantage to more lightweight powertrain solutions. 
2.1.2 DYNAMIC EVENTS 
ACCELERATION 
The objective of the Acceleration event is pretty simple and can be guessed from the 
name. A brief statement from the rules puts it as: “The acceleration event evaluates the car’s 
acceleration in a straight line on flat pavement.” The maximum score available for the 
Acceleration event was 75 points [1]. 
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Figure 6 Acceleration event scores of targeted teams at FSG 2014 
Basically, the Acceleration event is an individual straight line race from standing start 
to 75m mark. Theoretically, this is the event where the engine torque, power and power-to-
weight ratio matter the most. As can be seen from Figure 6, a strong correlation was observed 
between the engine choice and scores in the event. The teams running more powerful 4-cylinder 
and 2-cylinder turbocharged powertrains scoring consistently higher than those less powerful 
1-cylinder engines. Between the top four 4-cylinder engine running teams the average score for 
the acceleration was 57 and the top four 1-clyinder engine running teams – 49, resulting in a 
roughly 5-10 points advantage of running a 4-cylinder engine car from Acceleration event 
perspective. 
SKID PAD 
According to FSAE rules 2014 the objective of the Skid-Pad event is “to measure the 
car’s cornering ability on a flat surface while making a constant-radius turn.” The maximum 
score available for the Skid-Pad event was 75 points [1]. 
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Figure 7 Skid-Pad event scores of targeted teams at FSG 2014 
Skid-Pad event is designed to test the car’s manoeuvrability and overall handling 
balance. In theory, change of an engine should not affect the car’s overall handling balance but  
from the driver’s perspective it may be slightly more difficult to extract maximum possible 
cornering force out of the tyres with the more powerful powertrain like a 4-cylinder. Although 
it may be so, there is no hard graphical evidence to such statement and as can be seen from 
Figure 7, there really were no correlations observed between the powertrain and performance 
in Skid-Pad event. Interestingly, a few teams from the top-tier range have scored exceptionally 
well compared to the others. Although most of them have finished in the top 10 overall in the 
competition, the majority appeared to have scored quite average in Skid-Pad, suggesting that it 
is not the exquisite parts or superb power-to-weight ratio of a powertrain that determines the 
performance in this event but simply preparing the correct tyres, getting right the basics of 
vehicle dynamics and handling characteristics and extensive testing prior to the competition. 
AUTOCROSS 
According to the FSAE 2014 rules the objective of the autocross event is “to evaluate 
the car's manoeuvrability and handling qualities on a tight course without the hindrance of 
competing cars. The autocross course will combine the performance features of acceleration, 
braking, and cornering into one event.” The maximum score available for the Autocross event 
was 100 [1].  
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Figure 8 Autocross event scores of targeted teams at FSG 2014 
What this definition in fact represents is that the Autocross event is, essentially, a single 
lap competition around the Endurance track. The fact that the length of the Autocross event is 
only one lap means that every competitor is running on tyres operating in sub-optimal 
temperature, basically, cold, as there is simply not enough time to heat them up. Although due 
to running on cold tyres and only one lap to complete, the performance is largely dependent on 
how quick the driver is to adapt to cold tyres and learn the track, on the big scale of things, pace 
at the Autocross event is probably the biggest indicator of how good the car and the driver are 
likely to perform at the Endurance event, hence, especially for the top running teams, there is a 
correlation between the performance in the Endurance event and performance in Autocross. As 
to any possible clues about the best powertrain for Autocross, it can be seen from Figure 8 that 
there were top scoring representatives from all types of powertrain, hence, once again, no 
indications of any advantages of any particular powertrain. 
ENDURANCE 
According to the rules “The Endurance Event is designed to evaluate the overall 
performance of the car and to test the car’s durability and reliability.” The maximum score 
available for the Endurance event was 325 [1]. 
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Figure 9 Endurance event scores of targeted teams at FSG 2014 
Endurance event is a 22 km race to the finish line around a tight and twisty track with 
average speeds around 50-55 km/h, and one driver change in the middle of the race with an 
engine re-start, which is probably the most breath-taking moment during a competition. The 
Endurance event really tests the reliability of the student-built prototype single-seaters with, 
generally, less than a half of all entrants finishing the full course.  
As can be seen from Figure 9, 4-cylinder engine running teams were performing 
consistently strong by making up the majority of the top performers. This was likely to have 
been due to the age in development of the 4-cylinder powertrains used by the teams, as many 
teams have been running them for many years, and some have been running only 4-cylinders 
since their formation. 4-cylinder engine is a popular choice due to its availability, relative cost 
per piece and spares, and its reliability. Nevertheless, despite good and consistent performance 
from 4-cylinder engine running teams, the winning team of the Endurance event, and 
subsequently of the competition, was Corvallis Oregon State University, who were running a 
single-cylinder. It’s light-weight design in combination with a well-built car worked just perfect 
to set the fastest lap record and win the Endurance event.  
As Figure 9 shows, two out of three top-scoring twin-cylinder engine running teams did 
not finish the endurance event, hinting at some reliability issues during these early years of 
development of these engines. It might prove to be a risky decision to employ a 2-cylinder for 
the competition but, as was shown in Figure 8, the performance output in Autocross and 
Endurance can potentially be equivalent to those of a 4-cylinder and a single. 
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EFFICIENCY 
An excerpt from the rules explains Efficiency event in the following way: “The car’s 
efficiency will be measured in conjunction with the Endurance Event. The efficiency under 
competition conditions is important in most vehicle competitions and also shows how well the 
car has been tuned for the competition. This is a compromise event because the efficiency score 
and endurance score will be calculated from the same heat. No refuelling will be allowed during 
an endurance heat.” The maximum score available for the Efficiency event was 100 points [1]. 
 
Figure 10 Efficiency event scores of targeted teams at FSG 2014 
From Figure 10, a prominent dominance of 1-cylinder engine running teams can be 
observed. It makes logical sense because a smaller swept volume of an engine and a lesser 
amount of cylinders leads to reduced fuel consumption hence improved efficiency. 
Interestingly, Erlangen University with their twin-cylinder have scored almost as high as some 
of the best single-cylinder despite having an extra cylinder. This suggests that twin-cylinder 
engines can be mapped with a fuel efficient map that would approach single-cylinder engines’ 
efficiency. The 4-cylinder powertrain running teams, as can be seen in Figure 10, have 
performed the poorest from the top teams studied, simply because of the larger volume engine 
used. The average Efficiency score among 4-cylinder powertrain teams was 57 points and the 
average across 4 best singles was 79, resulting in an approximate advantage of 22 points on 
average at this event, which outweighs the prominent advantage of the 4-cylinders gained at the 
Acceleration event. 
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2.1.3 PROJECTIONS AND CORRELATIONS 
The following is a list of preliminary conclusions and possible correlations that arose from the 
conducted research: 
 No static event has a direct correlation with the choice of a powertrain. 
 Design event has an indirect correlation with the powertrain choice through the weight-
saving being one of the engineering design targets thus giving slight advantage to lighter 
powertrain solutions. 
 In the Acceleration event 4-cylinder engines have a clear advantage on average 1-
cylinder powertrains. 
 No correlation between powertrain type and Skid-Pad performance was found. 
 In the Autocross event all 3 types of powertrains had representative teams that scored 
equally close to the maximum, proving every powertrain type’s capability of achieving 
good lap time around the track. 
 In the Endurance event, despite the winner team running a single-cylinder engine, the 
strongest performance on average was shown by the 4-cylinder engine running teams, 
which is likely to be accounted for familiarity with the engines and their reliability due 
to the amount of years spent in development. 
 In the Efficiency event strong dominance of 1-cylinder engine running teams was found. 
On average 1-cylinder teams scored 22 points more than 4-cylinder teams, respectively, 
thus outweighing their performance gained in the Acceleration event. 
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3 ENGINE SIMULATION 
3.1 USING OF ENGINE SIMULATION 
The application and use of engine simulation of the Internal Combustion (IC) Engine has 
been increasingly used by the automotive industry. As computers become more powerful, more 
affordable and smaller, the uptake of simulation has increased. Chiodi states that there are 
different requirements for engine simulation depending on whether the perspective is from 
management, development engineers, engine designers or test engineers. The main 
requirements are the reduction of development costs and an improvement of engine 
performance [2]. 
Engine simulation provides an opportunity for an engine development team to measure and 
test parameters which are not readily measurable (directly or indirectly) on a real engine. These 
parameters include friction of various components, independently from the rest of the engine, 
and many gas flow parameters which would be impractical or impossible to measure on a 
running engine. The advantage of this is that a designer is able to fine tune a design prior to 
manufacture by minimising losses, and increasing gains in all aspects of the engine design and 
operating window. 
3.2 THERMODYNAMIC PRINCIPLES OF A SPARK IGNITION ENGINE 
A Spark Ignition (SI) engine operates on the combustion of a flammable fuel and air mixture 
being ignited above a piston. The rapid expansion of gases forces the piston down, which in 
turn rotates a crankshaft and generates torque. 
SI combustion engines work on the principle of a thermodynamic process known as the Otto 
Cycle. A representative Otto Cycle P-V Diagram is shown in Figure 11 below. 
 
Figure 11 A Standardised Otto Cycle Diagram  
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The Otto cycle is a standard air cycle, consisting of four distinct processes: 
1 – 2 is an isentropic compression of the working fluid. 
2 – 3 is an isochoric constant volume, heat addition process. 
3 – 4 is a second isentropic process, this time an expansion. 
4 – 1 is a constant volume, heat rejection process. 
 
The above diagram models this process as ideal, with no energy addition during compression, 
and no heat rejection during expansion. It is accepted that this representation of the cycle is not 
true to life, but can give approximate work figures and allows simple analysis of the system. 
This ideal cycle is modified to include the gas flow strokes of a four stroke engine, i.e. the 
intake stroke and the exhaust stroke. This modified cycle is shown diagrammatically below in 
Figure 2: 
 
Figure 12 A Modified Otto Cycle Diagram 
1 - 2 is the intake stroke of the engine. There is a very small reduction in pressure within the 
cylinder whilst the inlet valve is open and the air and fuel mixture can flow into the cylinder as 
a result of the volume increase from the downwards moving piston. 
2 - 3 is the compression stroke of the engine. The air and fuel mixture is compressed 
isentropically. As discussed in the ideal cycle, this is not a true representation, but can be used 
for analysis purposes. 
3 – 4 is the combustion process. This is not a distinct engine stroke in itself, but represents the 
initial, and idealistic instantaneous increase in temperature, and a corresponding increase in 
pressure within the combustion chamber. 
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4 – 5 is the expansion or power stroke of the engine. The combustion process forces the piston 
downwards and an isentropic expansion of the combustion gases takes place. Again, an 
idealised process is modelled here. 
5 – 6 is a second idealistic process, this time of instantaneous heat rejection, and a corresponding 
reduction in pressure. Again, no distinct engine stroke occurs for this process. 
6 - 1 is the exhaust stroke of the engine. A small pressure differential occurs within in the engine 
cylinder when the exhaust valve is opened and the piston moves upwards. This forces the 
combustion gases to flow out. 
The above case of the amended Otto cycle still contains several assumptions.  
The first is that the pumping losses (i.e. the work required to move gases in to and out of 
the cylinder) are negligible. This is never true, and only comes close to true on a real engine at 
Wide Open Throttle (WOT) as air can pass freely through the intake ducts. This results in no 
vacuum in the inlet manifold behind the inlet valves, reducing the work required by the piston 
to draw the air and fuel mixture in. 
The second assumption is the two instantaneous changes in pressure, with no change in 
volume. When this cycle is applied to a 4-stroke, internal combustion, SI engine with a 
reciprocating piston, the instantaneous stationary points of the piston at Top Dead Centre (TDC) 
and Bottom Dead Centre (BDC) are infinitesimally small. So much so that the large changes in 
pressure indicated on the Otto cycle diagram could not physically occur in the timeframe 
available. 
The third assumption is the idealistic compression and expansion strokes prescribed in 
the diagram. Both assume zero heat transfer (addition in the case of compression, rejection in 
the case of expansion) which in an engine made primarily of metal is impossible. The heat 
transfer coefficient of the cylinder liner has a profound effect on the energy losses within the 
engine. 
Engine simulation software attempts to apply these principles to an engine model. By 
accurately defining physical geometric and material parameters of the engine, the assumptions 
made in the Otto cycle can be accounted for. 
3.2.1 VOLUMETRIC EFFICIENCY 
A simple rule when developing an engine, particularly for a competitive motorsport 
application, is the more air you can get in to the engine, the more power you can generate. The 
ability of an engine to fill the combustion chamber with air is known as the volumetric 
efficiency. Clever engine design and utilisation of fluid mechanics and kinematics can result in 
volumetric efficiencies greater than 100%. By using the pressure waves generated from the 
opening and closing of the valves and timing the induction stroke appropriately, a higher than 
atmospheric pressure can be generated at the inlet port as the valve opens. This forces the air to 
enter the cylinder. Equation (1) describes the method used for calculating Volumetric 
Efficiency. ?̇?𝑎𝑐𝑡 is the actual mass flow rate of the air coming into the engine, ?̇?𝑡ℎ is the 
theoretical mass flow rate which is then calculated from 𝑝𝑎𝑡𝑚 , 𝑇𝑎𝑡𝑚 , R, Vd and rpm; 
atmospheric Pressure, Temperature, Universal gas constant, Engine Displacement and Speed 
respectively  
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 𝜂𝑉 =
?̇?𝑎𝑐𝑡
?̇?𝑡ℎ
=
?̇?𝑎𝑐𝑡
𝑝𝑎𝑡𝑚
𝑅 × 𝑇𝑎𝑡𝑚
×
𝑉𝑑 × 𝑟𝑝𝑚
120
.
 
(1) 
 
 
The “scavenging effect” is also utilised and is caused by the momentum of the exhaust 
gases leaving the cylinder creating an area of low pressure behind it. This acts in addition to 
intake port pressure tuning to increase the volumetric efficiency. 
The timing of these pressure waves is a function of engine speed and therefore varies 
throughout the engine speed range. An engine can be “acoustically tuned” to deliver a higher 
volumetric efficiency at targeted RPM ranges. Unfortunately, the drawback of acoustic tuning 
means that at certain engine speeds (frequencies) the opposite of what is desired will occur (i.e. 
low pressure at the inlet port and high pressure at the exhaust port). It is important to ensure 
that the detrimental pressure conditions of the inlet and exhaust systems occur at different points 
in the RPM range to reduce the negative effects on the engine output [3]. 
Engines utilising turbocharger or supercharger technology will generally have higher 
volumetric efficiencies than the equivalent naturally aspirated engines. 
Engine simulation can greatly assist in modelling the acoustic properties of the inlet and 
exhaust networks, aiding an engine designer and allowing targeted power outputs and specific 
engine speeds. 
3.3 ENGINE SIMULATION SOFTWARE 
IC Engine simulation software separates an engine model into three distinct areas for 
calculation, each feeding numerical outputs into the following stage. The three stages, in order, 
are: 
 The fluid flow stage 
 The combustion Modelling stage 
 The engine geometry stage 
The initial two stages of simulation both require computational fluid dynamics to yield 
results. [4] 
3.3.1 FLUID FLOW 
The first stage is the computational fluid dynamics (CFD) stage. By analysing the defined 
network of ducts, orifices and junctions that make up the inlet and exhaust  pipework, the 
software attempts to solve four fundamental and governing equations that can be applied to any 
fluid flow system. The four equations required for the analysis are: 
THE 1ST LAW OF THERMODYNAMICS 
𝑑𝑈
𝑑𝑡
=
𝑑𝑄
𝑑𝑡
−
𝑑𝑊
𝑑𝑡
+ ∑
𝑑𝐻
𝑑𝑡
, 
(2) 
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where U is the total internal energy, Q is the total heat energy, W is the total work energy 
and H is the total enthalpy. The differentiation is with respect to time. 
This equation states that the total energy within the system is constant, although that energy 
can be in several different forms (i.e. heat (combustion), work (torque), potential (fuel) and 
enthalpy). 
THE CONSERVATION OF MOMENTUM EQUATION 
𝜌
𝐷𝑣
𝐷𝑡
= (
𝛿𝜌
𝛿𝑥
) + 𝜌𝐹, (3) 
where ρ is the density, v is the velocity and F is an external force applied to the fluid. All 
other symbols are previously defined. 
This equation states that the momentum within a system, as a function of velocity and 
density (therefore mass) must remain constant, plus the addition of any external force. The 
external force comes from the reciprocating motion of the piston, which in turn generates the 
velocities of the fluid flow within the engine. 
THE STATE EQUATION 
𝑝𝑉 = 𝑚𝑅𝑇, (4) 
where p is pressure, V is the volume, m is the mass, R is the universal gas constant and T 
is the temperature in Kelvin. 
This equation states that for a given amount of gas, at given temperatures and pressures 
and enclosed within a given volume a constant can be deduced. Technically, this equation is 
only true for an ideal gas, but is a very close assumption for gas mixtures such as air, exhaust 
gases and charge mixtures. Satisfying this equation for all sections of the simulation ensures 
conformity amongst the results, and helps reinforce the conservation of energy and mass within 
the system. It is fundamental to fluid flow within the system. 
THE CONTINUITY EQUATION 
(
𝛿(𝜌𝑣)
𝛿𝑥
) 𝑑𝑥 = − (
𝛿𝜌
𝛿𝑡
) 𝑑𝑥. (5) 
This equation states that the density of the fluid remains constant throughout the process. 
This can be assumed to be true up to speeds of Mach 1 or supersonic. 
By applying these four equations to the flow network defined in an engine model, accurate 
flow characteristics and behaviour can be determined. The goal of the CFD within this section 
of the simulation software is to generate a volume of air and fuel mixture within the virtual 
combustion chamber. By knowing the volume of the mixture and the air to fuel ratio (AFR), 
which is defined prior to the calculation, the amount of energy created from combustion can be 
calculated. 
An important acknowledgement during this stage of the modelling process is that all the 
gas flow processes within an internal combustion engine are unsteady. For this reason, multiple 
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iterations (usually thousands to tens of thousands) are required before a solution is converged 
upon [3]. 
It is also important to consider that the software can only attempt to replicate the geometry 
of the engine. The multi-dimensional nature of the ducts, orifices and junctions cannot be 
simulated by one-dimensional flow analysis. Three-dimensional flow analysis can be carried 
out by certain software packages and will deliver a more accurate result, however computational 
time increases significantly [5]. 
3.3.2 COMBUSTION MODELLING 
The next stage of the simulation is the combustion modelling stage. This stage of 
simulation involves calculating the total energy generated from combustion and subtracting 
losses associated with inefficient combustion. 
Further CFD is applied, using the above equations, integrating the 1st Law of 
Thermodynamics Equation with respect to volume, and defining work as a function of pressure 
and volume in order to define the energy potential of the air and fuel mixture as a function of 
temperature. 
𝑑(𝑚𝑢)
𝑑𝑡
= ∑
𝑑𝑄
𝑑𝑡
− 𝑃
𝑑𝑉
𝑑𝑡
+ ∑ ℎ
𝑑𝑚
𝑑𝑡
. (6) 
During the combustion process in a quasi-stoichiometric SI engine, a process known as 
disassociation occurs. This is the process by which molecules in the air and fuel mixture break 
down at high temperatures, above 1250K. This process is endothermic and therefore the 
resultant molecules are of higher potential energy then the parent ones. As a result, 
disassociation removes energy from the combustion process. The extent of dissociation is 
defined below. 
𝑑(𝑚𝑢)
𝑑𝑡
= ∑ (𝑚
𝛿𝑢 𝑑𝑇
𝛿𝑇 𝑑𝑡
+ 𝑚
𝛿𝑢 𝑑𝜙
𝛿𝜙 𝑑𝑡
+ 𝑢
𝑑𝑚
𝑑𝑡
) , (7) 
where 𝜙 is the equivalence ratio of the air to fuel. Combining the equation for internal 
energy (6) with the equation for disassociation (7) and defining pressure in terms of the state 
equation (4) nets the final equation for the total energy from the combustion of the air and fuel 
mixture. 
𝑚
𝛿𝑢 𝑑𝑇
𝛿𝑇 𝑑𝑡
+ 𝑚
𝛿𝑢 𝑑𝜙
𝛿𝜙 𝑑𝑡
+ 𝑢
𝑑𝑚
𝑑𝑡
= −
𝑚𝑅𝑇
𝑉
𝑑𝑉
𝑑𝑡
+ ∑ (
𝑑𝑄
𝑑𝑡
) + ∑ (ℎ
𝑑𝑚
𝑑𝑡
) . (8) 
The final stage of the simulation involves interpreting the energy released during 
combustion and translating that to the effect it will have on the kinematics of the engine 
internals. 
As the fuel and air mixture undergoes combustion, a varying pressure change will occur 
within the combustion chamber. The most critical factors that affect this pressure at any point 
in time are the initial AFR, the combustion initiation point (in this case the spark plug firing) 
and the engine’s physical geometry [6]. 
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INITIAL AFR 
The AFR has a huge effect on the burn rate and energy release during the combustion 
process. The Stoichiometric AFR for a gasoline spark ignition engine is calculated from basic 
chemical balance equations (see APPENDIX A) and is calculated as being 14.976:1 (air:fuel 
by mass. Note: not oxygen:fuel) for pure heptane fuel. Through decades development and 
testing, a stoichiometric ratio of 14.7:1 for mixed gasoline fluids has been determined. The ratio 
of the AFRactual:AFRstoich is referred to as Lambda, and given the symbol λ. Lambda is expressed 
in decimal form. 
The stoichiometric AFR will give a good starting point when tuning an engine although it 
is rare to run an engine at this ratio. Running an engine slightly rich (i.e. more fuel than is 
required, λ<1) or slightly lean (i.e. less fuel than is required, λ>1) has an effect on the heat 
release of combustion. Depending on the market for the engine, the target Lambda value will 
change. For maximum power, a Lambda of approximately 0.88 is used as a starting point. For 
increased fuel efficiency, a Lambda of 1.05 is targeted. 
Due to non-uniform combustion, and disassociation, the AFR will change throughout the 
combustion process. This changing AFR will affect the instantaneous heat release, and therefore 
pressure, occurring inside the combustion chamber [3]. 
COMBUSTION INITIATION 
Diverging from the ideal Otto Cycle (page 24), the initiation of combustion is not an 
instantaneous point in time, and therefore cannot give the instantaneous pressure rise seen in 
Figure 11. Instead an exponential increase in pressure is observed. This trend is defined in the 
simulation software using the Wiebe function. 
𝑥𝑏 = 1 − 𝑒
−𝐶1(
Θ−Θ𝑆𝑂𝐶
Θ𝐷𝑈𝑅
)
𝐶2+1
, (9) 
where C1 and C2 are Wiebe constants, θ is the current crank angle, θSOC is the crank angle 
at the start of combustion and θDUR is the total duration of combustion in crank degrees. xb 
represents the total mass fractioned burned at the calculated point. 
Figure 13 shows a typical Wiebe trace for combustion. The burn rate of the charge changes 
throughout the combustion process and therefore the energy release rate is not constant either. 
This means the peak cylinder pressure (PCP) is not immediately after ignition as indicated by 
the Otto cycle diagram. The red line on Figure 13 shows the rate of burn and is a normal 
distribution curve. The blue line is the Mass Fraction Burned and both are shown with respect 
to the combustion duration in Crank degrees. 
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Figure 13 A Wiebe Combustion Profile Curve 
 By initiating combustion prior to TDC, the PCP can be achieved at the optimum crank 
angle to give more torque.  
 When using engine simulation software, several parameters are defined in order to 
dictate the combustion process. These parameters are: 
The location of the 50% burn point – this is the point at which half of the initial charge has 
undergone combustion. This is defined in crank angle degrees. It is also the point of greatest 
burn rate, and therefore energy release. 
10% to 90% combustion duration – this defines the time taken for the bulk of the combustion 
process to take place, also measured in crank angle degrees. These values are empirically 
chosen mainly because they are easily measurable. 
Exponent in Wiebe Function – this defines the curve of the mass fraction burned and are C1 
and C2 in Equation (9). 
There is also a profile control variable which allows premature abortion of the 
combustion process [7]. 
3.3.3 ENGINE GEOMETRY 
The engine geometry has arguably the biggest role to play. It is important for PCP to 
occur at the optimum crank angle in order to apply the greatest force to the piston crown whilst 
taking full advantage of the lever arm created by the crank shaft rod journals. 
It is the reciprocating motion of the internal combustion engine that prevents it from 
following the true Otto cycle. The combustion chamber volume is constantly varying in a 
pseudo-sinusoidal pattern. 
During the intake and exhaust strokes, this change in volume is utilised to draw in the 
charge and expel the exhaust gases respectively (3.2.1). During the power stroke, the piston is 
driven downwards changing the volume available for combustion. The offset between the 
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increase in volume (which causes a decrease in pressure) and the exponential increase in 
pressure due to combustion is a complex relationship. 
The volume of the combustion chamber at a given crank angle can be determined from 
the following: 
𝑉𝐼𝑁𝑆𝑇 = 𝑉𝑐𝑙𝑒𝑎𝑟 + 𝐴𝑝𝑖𝑠𝑡[𝑟(1 − 𝑐𝑜𝑠𝜃) + (𝑙 − √𝑙
2 − 𝑟2𝑠𝑖𝑛2𝜃)], (10) 
where Vclear is the clearance volume above the piston in TDC, Apist is the cross-section of 
the cylinder bore, r is the half of engine stroke, l is the connecting rod length and θ is the actual 
crankshaft angular position. 
By using this value of volume in the state equation (4) the instantaneous pressure above 
the piston can be obtained. 
Using this information, together with the Wiebe function, the Theoretical optimum point 
of combustion initiation can be determined. The software utilises these equations to determine 
the instantaneous pressure within the combustion chamber and therefore the force exerted on 
the piston crown. This in turn can be related to the torque output. 
The Wiebe function has been further validated by in-cylinder pressure measurements. The 
real heat added during the combustion is lowered by the losses. Measured in-cylinder pressure 
trace is affected by those losses during the whole cycle and can be compared to the theoretical 
processes calculated from the Otto cycle. The differences are those losses which are mainly 
caused by heat transfer to the cylinder walls. The convection through the cylinder walls can be 
calculated from the equation (11) 
𝑄𝑐𝑜𝑛𝑣 = ℎ𝐴(𝑇𝑔 − 𝑇𝑤), (11) 
where Qconv is the heat lost during the convection, h is the heat transfer coefficient, A is the 
exposed combustion chamber surface area, Tg and Tw are the temperatures of in-cylinder gas 
and walls, respectively. 
3.3.4 FRICTION MODELLING 
Engine simulation software packages use a Chen-Flynn Friction Model in order to generate 
figures for engine friction as a function of engine speed. The Chen-Flynn model is made up of 
three terms, two of which are a function of engine speed in radians per second. 
𝐹𝑀𝐸𝑃 = Å + ℬ𝜃 + ℂ𝜃2. (12) 
The result of this equation is a pressure known as the Friction Mean Effective Pressure, 
and is the effective continuous pressure required on the cylinder in order to provide the power 
required to overcome the friction [8]. 
3.3.5 LIMITATIONS OF ENGINE SIMULATION SOFTWARE 
The most important factor to remember when interpreting simulation results is that they 
are only as good as the information that has been put into the model. Inaccurate geometry 
definitions, incorrect operating parameters and undefined variables will all have a negative 
impact on the accuracy and precision of the output. 
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The software itself makes several assumptions as well as mentioned previously. 
Although these assumptions are “controlled” they can still reduce the accuracy of the results if 
they are not factored into the simulation and interpretation. 
To a degree, the latter can be subjectively analysed from the torque curve outputs of the 
engine model, however the interpretation of these sets of data cannot ever replace the feedback 
from a driver. 
The simulation software also cannot take the physical properties of the materials that 
make up the engine into account. It cannot therefore predict the failure of components within 
an engine due to them operating outside the safe window. Dangerous and destructive events 
such as knock can also not be predicted with such a software [4]. 
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4 DEVELOPING AN ENGINE MODEL 
4.1 ENGINE CHOICE 
For last four years, the TU Brno Racing Formula Student car has used a Husaberg FE570, 
1-cylinder, 570cc engine as the powertrain. Whilst this engine has proved as extremely 
lightweight and compact, it can be criticised for not enough power delivery. As a result, the car  
never scored highly in acceleration event. Judges also passed comment on a lack of 
development to the basic platform, which in turn cost the team design points. 
For Dragon 5 (fifth generation of TU Brno Racing cars) it was decided a significant change 
to the powertrain was necessary to not only maintain, but improve the competitiveness of the 
car. Using of forced induction would give substantial power increase and improve fuel economy 
as well. 
The production of Husaberg FE570 was finished in 2012 hence using it as a basis for the 
development of new turbocharged engine has been rejected. Several engines were considered 
and a final decision was made to use the Husqvarna FE501, 510cc engine sourced from the 
enduro motorbike. It comes from KTM family and is the same as KTM EXC 500 and Husaberg 
FE501. Main arguments for that decision were single-cylinder very lightweight engine, with 
similar concept and parts as in our previous one and ability to buy the engine itself without 
motorbike.  
There was some other choices from Husqvarna which may fulfil the requirements. List of 
compared parameters can be found in APPENDIX B. The nature of turbocharging increase the 
load on the engine components. Thus strengthen or combination of some parts from similar 
engines was necessary. FE501 model includes the most of components used and has been 
chosen as a basis for the New Engine developed. 
4.2 ENGINE SIMULATION SOFTWARE CHOICE 
Due to very tight budget constraints, the purchase of licences for engine simulation 
software is not possible. Fortunately, due to the educational nature of the formula student 
competition and interest in development of turbocharged engine, Honeywell supported us with 
their products and knowledge including ability to use their licenses of GT-Power.  
4.3 ENGINE COMBUSTION MODEL 
A Wiebe combustion model is applied to the engine simulations for this work. The Wiebe 
combustion model provides a very reliable assumption of the combustion process, and will be 
sufficiently accurate for the intended purposes. Without extensive experimental data from the 
engine prior to simulation, a modified Wiebe or even bespoke combustion model cannot be 
used. 
4.4 INITIAL ENGINE MODEL 
To be able to design modifications and rebuild the engine to incorporate the turbocharger, 
stock Naturally Aspirated FE501 engine has been used for setting a baseline model verified on 
a dyno. 
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4.4.1 SIMULATION PARAMETERS 
Ambient temperature and pressure was set to 300K and 1.0bar respectively. Initial 
conditions for inlet and exhaust were also defined using standard air temperature measurements 
and estimated exhaust gas temperatures. 
Engine speeds were taken every 2000rpm initially in order to refine the model. This was 
reduced to every 500rpm once sensible torque figures were observed. Torque and power figures 
were obtained from Naturally Aspirated engine baseline testing. 
4.4.2 ENGINE GEOMETRIC MEASUREMENTS 
An initial engine model was developed by gathering geometric data from two primary 
sources.  
The first was the Repair Manual 2014 Husqvarna FE501-EU. This manual provided 
detailed and accurate measurements and tolerances of the engine internals and rotating 
components. Then parameters of engine itself was measured whilst the engine was 
disassembled after the purchase. A rudimentary model could be deduced from this information 
[9]. 
No inlet tract upstream of the throttle body was available for the initial engine model. 
For this reason the engine model was not defined prior to the throttle bodies. The throttle body 
was modelled using the one purchased for turbo version, and parameters included in orifice size 
and length, valve size, throttle valve angles, measured discharged coefficient and injector 
position. 
No exhaust manifold was available for the initial engine model either. The exhaust 
manifold was defined as using the exhaust port diameter for the primary length. That tube was 
made 750mm long and exited to atmosphere. 
4.4.3 INITIAL ENGINE MODEL LAYOUT 
Figure 14 shows the layout of the initial engine model. Note the simplified inlet and exhaust 
tracts. The throttle body is seen on the upper left corner, with the fuel injectors located just after. 
The extremities of the cylinder head (i.e. port entrances and exits) are defined by the complex 
Intake Splits seen at the convergence of the respective ports. The exhaust is the remaining ducts, 
exiting back to atmosphere. 
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Figure 14 The Initial Model Layout 
 
4.4.4 INITIAL ENGINE SIMULATION OUTPUTS 
The following plots were gathered from the GT-Power software upon convergence of the 
simulation results. 
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Figure 15 The Initial Engine Model: Brake Torque Curve 
 
 
Figure 16 The Initial Model: Total Volumetric Efficiency 
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Figure 15 shows the output torque curve from the simulation. The torque output is not 
much changing through the entire rpm range. From 3500rpm to 4500rpm an increase in torque 
can be observed. This is reflected in Figure 16 as increasing volumetric efficiency across the 
same engine speed range. However volumetric efficiency never exceeds 100%. Which shows 
not ideal intake and exhaust runners sizes for resonance induction. 
From 9000rpm, the torque rapidly decreases (Figure 15) and a corresponding abrupt reduction 
in volumetric efficiency is also seen in Figure 16. This area of the curves would ideally not be 
used as the engine is behaving inefficiently. 
This model was used to confirm the running of the engine simulation and as a sanity check for 
sensible results. The initial model was modified multiple times to remove any obvious errors 
or errors in running due to incorrect variable or geometries.  
The aim of such model was to follow the physical data measured on a dyno. Many parameters 
were measured on a dyno to validate and develop this to model. List of the main parameters 
measured is shown in below: 
 Brake Torque 
 Air Mass Flow 
 Fuel Mass Flow 
 Exhaust Gas Temperature 
 Air Charge Temperature 
 In-cylinder pressure 
 Intake, exhaust runners pressure 
Figure 17 shows comparison of developed simulation model with real dyno testing on Brake 
Torque curves.  
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Figure 17 Validated model: Brake Torque 
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5 ENGINE TESTING 
5.1 DYNAMOMETER 
A dynamometer is a device which can apply a torque to the output of an engine. There 
are several different types of dynamometers including water brake, magnetic, hysteresis, 
friction and compound. With the exception of the compound dynamometer, all the types can 
only apply a braking torque and cannot motor the engine. Such devices are called Passive 
Dynamometers and the others are Active Dynamometers. 
The dynamometer available for this work was a water brake dynamometer. A spinning 
metal turbine or propeller is rotated by the engine within a stator housing. Mechanical energy 
produced by the engine is transferred to the water due to the turbulence and the friction. The 
amount of load applied is dependent on the level of water inside the housing and is driven by 
controlled orifice [10]. 
 
Figure 18 Water brake dynamometer principle [11] 
When the counter-torque is applied to the engine from the dynamometer, the casing of 
the dynamometer is free to rotate in the opposite direction. A load cell is placed to measure the 
force being applied at a known distance from the centre of rotation allowing a torque to be 
calculated. This torque is equal to the torque output of the engine. 
The dynamometer allows control over the speed and load of the engine and permits 
engine testing to be carried out. Water brake dynamometers only permit steady-state testing and 
cannot undergo transient testing. This means torque outputs at set points throughout the engine 
speed range are measured and interpolation gives a torque curve. Unlike compound 
dynamometers, transient fuel testing cannot be done using a water brake dynamometer. This 
means some calibration work must be carried out on driver feedback rather than prior to car 
manufacture [12]. 
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5.2 MEASURED PARAMETERS 
There are several engine parameters that can be measured on an engine whilst 
undergoing dynamometer testing. Some parameters measure engine performance and are a 
measured value of how well the engine is operating and are the areas targeted for improvement 
during engine tuning. Other values are a monitor of the engine behaviour and its “health”. The 
list of parameters that was measured for the purposes of this work are:  
Table 3 List of measured parameters 
Engine Torque Clutch Pressure 
Engine speed Knock Sensor Acoustic 
Engine Coolant Temperature Exhaust gas Temperature (EGT) 
Manifold Absolute Pressure (MAP) Turbine Exit Temperature (TEP) 
Air Charge Temperature (ACT) Lambda 
Ambient Air Temperature (AAT) Throttle position (TPS) 
Fuel Temperature (FT) Gear position sensor 
Compressor Exit Temperature (CET) Turbo speed 
Engine Oil Temperature (EOT) Intercooler Exit Temperature (IET) 
Turbo Oil Temperature (TOT) Intercooler Exit Pressure 
Radiator Coolant Temperature IN Intercooler Inlet Pressure 
Radiator Coolant Temperature OUT Intake runner high speed pressure 
Cam shaft position Exhaust runner high speed pressure 
Compressor Exit Pressure Turbine exit high speed pressure 
Post Restrictor Pressure (PRP) In-cylinder pressure 
Barometric Air Pressure (BAP) Turbine Inlet Temperature 
Turbine Inlet Pressure (TIP) Air mass flow 
Fuel Pressure (FP) Coolant mass flow 
Oil turbo pressure Crank case pressure 
Engine Coolant Pressure (ECP) Water pump exit pressure 
Engine Oil Pressure (EOP) Turbo exit water temperature 
Turbo Oil Pressure Starter temperature 
 
As can be seen from Table 3 the amount of parameters measured required a number of 
different sensors which the engine must have been equipped of. The engine is a thermodynamic 
device hence the most of sensors were temperature and pressure transducers. Some of those 
sensors are described further in detail as some development work was done on them to perform 
the measurement.  
5.2.1 TEMPERATURE SENSORS 
Temperature sensors are devices which transfer physical temperature to measurable 
voltage. There were two main types of temperature sensors used for this work.  
THERMISTORS 
Those are special type of resistors which are able to vary their resistance with 
temperature. Sensors are basically connected to devices which are able to measure the voltage 
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not the resistance directly. In the Figure 17 a schematic of a voltage divider can be seen. 
Essentially the thermistor is connected with fixed resistor of known resistance in series. Such 
circuit is fed by reference voltage, usually 5V. As thermistor changes its resistance with 
temperature the voltage reduction on the thermistor changes as well. As far as the resistance on 
fixed resistor stays still the voltage measured between Analogue and Ground changes with 
temperature [13]. 
 
Figure 19 Thermistor Voltage Divider 
A research on the market has been conducted to choose the right sensor for measuring 
a wide range of temperatures on the engine. From that it has been concluded that automotive 
sensors may be precise enough but there are no suitable sizes as the most of sensors will be 
used on the car where every gram counts. Motorsport spec sensors are usually based on 
automotive ones with additional costs. Decision was made to build own sensors based on 
purchased thermistors. 
To save costs some unification had to be undergone. Thus the temperature sensors 
were divided only in two groups; fluid and air. As the Specific Heat Capacity of air is much 
lower than of any fluid used the air temperature sensors are expected to have much quicker 
response. Built sensors can be seen in the Figure 20. 
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Figure 20 Temperature sensors manufacturing 
   The right type of thermistor had to be chosen. Most suitable options were PTC or NTC 
thermistors. If the resistance increases with increasing temperature such thermistor is called 
Positive Temperature Coefficient (PTC) thermistor, when the resistance decreases with 
increasing temperature the device is called Negative Temperature Coefficient (NTC) 
thermistor. Naturally PTC are widely used in electric current control circuits whilst NTC are 
used for sensing technology. 
NTC thermistor was chosen by the following parameters: 
 Size 
 Thermal cooling time constant (τc) 
 Resistance at 25ºC (R25) 
 Resistance/Temperature Characteristic (R/T) 
Size is closely connected to the Thermal cooling constant (τc) as it defines the amount 
of time needed to follow a change of 1ºC. The bigger the sensor more time is needed to follow 
that change. A compromise between the lowest possible τc and not too small sizes had to be 
undergone. 
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Figure 21 NTC Thermistors 
Figure 21 shows chosen NTC thermistors which varies by their τc, R25 and R/T 
characteristics. Final Voltage characteristics are described by the equation (13). VT is measured 
voltage on the Voltage divider, Vref and Rref are Reference voltage and Resistance, respectively 
and both are defined by the Measurement Device or the Voltage Divider used. Rt/R25 
characteristics are related to the temperature change and is defined by the manufacturer as well 
as R25 value.    
𝑉𝑇 =
𝑉𝑟𝑒𝑓
1 +
𝑅𝑟𝑒𝑓
𝑅𝑡
𝑅25
×𝑅25
 
(13) 
 The relation between VT and Temperature is shown in the Figure 22 for all three 
mentioned NTC thermistors. From that can be clearly decided for what to use which thermistor. 
The first one with the highest τc seems to be suitable for low temperatures under 80ºC whilst 
the last one is much more usable for higher temperatures. The middle one is universal with very 
reasonable time constant for air measurement. Temperature ranges limits are defined by the 
slope of the curve. The most sensible sensor would have big voltage changes against small 
temperature changes and vice versa [14]. 
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Figure 22 NTC Thermistors Voltage Characteristics 
 After manufacturing all of the Sensor a precise calibration was needed. This was done 
in Heating Circulator Julabo (shown in the Figure 23) which enables to maintain the 
temperature of the fluid inside with precision of 0.1ºC. Voltage was measured whilst the 
temperature was changed inside that device and calibration curve shown in Figure 24 was 
made.  
 
Figure 23 Julabo Heating Circulator 
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Figure 24 NTC Calibration curve 
List of Thermistor sensors application is shown in the Table 4. Essentially they were 
used for all places where temperature does not exceed 200ºC. 
Table 4 List Thermistor sensors 
Engine Coolant Temperature Turbo Oil Temperature (TOT) 
Air Charge Temperature (ACT) Radiator Coolant Temperature IN 
Ambient Air Temperature (AAT) Radiator Coolant Temperature OUT 
Fuel Temperature (FT) Intercooler Exit Temperature (IET) 
Compressor Exit Temperature (CET) Turbine Inlet Temperature 
Engine Oil Temperature (EOT) Turbo exit water temperature 
 
THERMOCOUPLES 
The thermocouple is one of the simplest of all sensors. It consists of two wires of 
dissimilar metals joined near the measurement point. The output is a small voltage measured 
between the two wires. The measurement point is at the reference junction with a known 
temperature.  
 
Figure 25 K-Type Thermocouple schematic 
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The purpose of using Thermocouples in this work was measuring of temperatures higher 
than 200ºC especially those higher than 500ºC. This high temperatures are of exhaust gases, 
thus the sensor were used for measuring Exhaust gas temperature, Turbine Inlet and Exit 
Temperature [13]. 
The most suitable for this purpose is K-Type Thermocouple which consist of two 
metals. Positive material is Nickel with 10% Chromium and Negative wire is made of Nickel, 
2% Aluminium, 2% Manganese and 2% of Silicon. Temperature range of such thermocouple 
is from -270 to 1372ºC [15].  
Voltage characteristics for K-Type Thermocouple were included in measurement device 
as they are dependent on temperature measured on the reference junction. Custom built 
Thermocouple for the purpose of this work can be seen in the Figure 26. 
 
Figure 26 K-Type Thermocouple 
5.2.2 PRESSURE TRANSDUCERS 
Pressure Transducers are devices which transfer pressure electronically measurable voltage. 
Essentially pressure source comes into the closed measurement chamber in front of the 
diaphragm and the deflection of the diaphragm is measured. Strain gages are commonly used 
for that purpose where deformation is transferred to the voltage. The other side of the diaphragm 
is connected to the reference chamber which may be of three different construction:   
 Absolute 
 Sealed gage 
 Gage 
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Absolute transducer have reference chamber sealed and filled with vacuum. This enables 
absolute measurements, which means that for atmospheric pressure it shows approx. 1 bar. 
Sealed gage reference chamber is filled with known pressure during manufacturing process. 
This enables relative measurement in different conditions to the same pressure. Gage reference 
chamber has drilled small orifice to the atmosphere which enables relative measurement with 
respect to the actual atmospheric pressure. Those are sometimes called differential pressure 
transducers. Figure 27 shows a schematic of such pressure transducer. 
 
Figure 27 Pressure transducer [16] 
Pressure sensors usually contain auxiliary electronic inside which amplifies the signal from 
the strain gages as well as apply temperature compensations to the signal. The sensor is then 3 
wire type which requires Reference Voltage feed, Reference Ground and Signal wire. Thanks 
to the circuitry included the Pressure-Voltage characteristics are assumed linear as can be seen 
in the Figure 28 [13]. 
 
Figure 28 Pressure Transducer characteristics 
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Figure 29 Example of used pressure transducers 
The list of used Standard Pressure Transducers is provided below in Table 5. Final decision had 
to be made on which type of sensor to use for each purpose. 
Table 5 List of Pressure Transducers used 
Absolute Sealed Gage 
Manifold Absolute Pressure (MAP) Fuel Pressure (FP) 
Compressor Exit Pressure Oil turbo pressure 
Post Restrictor Pressure (PRP) Engine Coolant Pressure (ECP) 
Barometric Air Pressure (BAP) Engine Oil Pressure (EOP) 
Turbine Inlet Pressure (TIP) Turbo Oil Pressure 
Intercooler Exit Pressure Clutch Pressure 
Intercooler Inlet Pressure Water pump exit pressure 
Crank case pressure  
 
5.2.3 SPEED SENSORS 
Speed sensors are very crucial for the right engine operation. Basically measures the 
rotational speed of the engine components whilst their angular position may be known as well. 
There are three main types of speed sensors used in automotive application: 
 Variable Reluctance (VR) 
 Hall effect 
 Eddy Current 
VR sensors essentially consist of ferromagnetic pole piece and coil, when the rotating 
ferromagnetic teeth passes the magnetic core a magnetic flux varies and consequently induces 
a voltage into the coil.  
Hall Effect is based on Semiconductor Crystal which varies its output voltage in response 
to magnetic field. When the magnetic field lines are passing the probe at right angles a current 
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is passed through the sensor. Magnetic field lines come from magnet included and are diverged 
by rotating ferromagnetic pattern.  
Eddy Current sensor creates an alternating current in the sensing coil at the end of the probe. 
This induces Eddy currents in targeted material and the interaction between the sensing coil and 
the target material is measured. Sensing electronics is than able to calculate the distance 
between the probe and target. When targets the compressor wheel it counts the blades and 
calculates its speed [17]. 
For the purpose of this work the VR sensor has been used for the Crankshaft speed, Hall 
Effect sensor for Camshaft speed and the Eddy Current for turbocharger speed measured on 
compressor wheel. 
 
Figure 30 Variable Reluctance Sensor 
All of those speed sensors follow a rotating pattern. Each tooth is counted and with known 
number of teeth per revolution the speed can be calculated. When the position is needed also 
the teeth pattern is keyed by missing teeth at known position. An example of such wheel can 
be seen in the Figure 31.  
The difference between the trace of VR and Hall Effect sensor can be seen in the Figure 32. 
When the falling edge of VR crosses zero voltage a tooth is counted as well as the voltage must 
exceed set value between two following teeth. Hall Effect sensor is triggered on falling edge 
however the low voltage threshold may not be zero but a set value [13].  
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Figure 31 Sensing pattern used on Crankshaft 
 
Figure 32 Example Trace of Engine speed and Camshaft speed sensor 
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5.3 DRIVEN ACTUATORS 
Measured values are not only for data processing and computer validation but usually 
more important for real-time measuring and calculation to drive the engine correctly. Devices 
which are electronically driven to control a physical parameters of the engine are called the 
Actuators. List of Actuators or Controlled Outputs used for purpose of this work can be seen in 
Table 6. 
Table 6 Controlled Outputs 
Ignition coil Fans (Water cooling, Intercooler) 
Injector #1& #2 Lambda Heater 
Waste gate valve Gear Shift actuators (UP & DOWN) 
Fuel Pump Engine Starter motor 
 
 Due to the purpose of very special application of the engine some actuators are 
mentioned below as the development work was performed on them as well. 
5.3.1 IGNITION COILS 
Ignition coil is a device which have to deliver enough energy throughout a spark plug 
to produce the spark which ignites the mixture inside the combustion chamber.  
The engine is running on E85 which is a mixture of ethanol and petrol hence the 
ability to ignite such mixture fundamentally decreases. Thus a research on producing enough 
spark energy to ignite the mixture reliably was conducted as well. 
There are two basic system available on the market to produce ignition sparks: 
 Inductive  
 Capacitor Discharge (CDI) 
Difference between those is how the low voltage energy is transferred to a high voltage 
spark. Inductive ignition system stores the energy in the coil windings whilst CDI in the 
capacitor. The main advantage of an Inductive system is its simplicity however when a high 
energy spark is required it takes more time to charge the coil. CDI ignition is more complex 
device however due to a very short capacitor charging times is able to produce more sparks 
during one engine cycle hence the total energy delivered to the combustion chamber is higher. 
For the purpose of this project a High Energy Inductive system has been chosen. Mainly 
because of its simplicity and relatively long charging times are not relevant for single cylinder  
4-stroke engine running at maximum 11 000rpm.  
For classification of suitable ignition system market research was performed to evaluate 
the ignition coil characteristics. Table 7 shows parameters of standard coils on the market 
nowadays.  
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Table 7 Standard ignition coils specifications [18] 
Abb. Parameter Range of values 
I1 Primary current 6 – 20 A 
T1 Charging time 1.5 – 4.0 ms 
V1 Primary Voltage 12 – 14.7 V 
V2 Secondary voltage 25 – 45 kV 
TFu Spark duration 1.3 – 2.0 ms 
WFu Spark energy 10 – 140 mJ 
IFu Spark current 80 – 115 mA 
R1 Resistance primary winding 0.3 – 0.6 Ohm 
R2 Resistance secondary winding 5 – 20 kOhm 
N1 Number of primary windings 100 - 250 
N2 Number of secondary windings 10 000 – 25 000 
 
 The majority of ignition coils on the market are from aftermarket manufacturers and 
there is no specific information available. For that reason the coils has been studied in more 
details and special test-bench has been built to evaluate their characteristics. 
Figure 33 shows a basic schematic of an ignition coil and its parameters which can be measured.   
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Figure 33 Schematic diagram of an ignition coil [18] 
 Following parameters have been considered for a comparison of ignition coils: 
 Weight 
 Spark energy available 
 Spark duration 
 Charging times 
SPARK ENERGY TESTER 
 Energy released during any electrical discharge can be calculated as stated in Equation 
(14). To use this equation trace of Voltage and Current during discharge has to be measured. 
Used variables are described in the Table 7.  
𝑊𝐹𝑢 =  ∫ 𝑉2(𝑡)𝐼𝐹𝑢(𝑡)𝑑𝑡
𝑇𝐹𝑢𝑓
𝑇𝐹𝑢𝑖
 (14) 
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Measuring of secondary voltage is very difficult due to very high voltage and 
instability. To simplify the situation Zener diodes has been used to clamp the voltage at the 
known value. For a constant Voltage the equation (14) can be derived to equation (15). Where 
WFu is spark energy, TFui, TFuf and IFui, IFuf are times and currents at initiation and termination 
of the spark, respectively. Vz is total Zener Voltage.       
𝑊𝐹𝑢 =  
1
2
× (𝑇𝐹𝑢𝑓 − 𝑇𝐹𝑢𝑖) × (𝐼𝐹𝑢𝑠 − 𝐼𝐹𝑢𝑓) × 𝑉𝑍  (15) 
Figure 34 shows the diagram and the real test bench used. Zener diodes are connected 
in series hence the Total voltage clamped is a sum of Zener voltage of each diode. Classic diode 
only looks after the current to flow in only the right direction. [19] 
 
Figure 34 Spark energy measurement device 
Coil is discharged to the circuit throughout the high voltage cable and a spark plug to 
maintain original resistance. A shunt resistor is connected in the series with diodes and enables 
to measure the voltage drop on it hence enables to calculate the current in the circuit. This is 
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measured by the oscilloscope to see the current discharge in time. From the Figure 35 can be 
seen that spark duration was 1.2ms and with 1Ohm shunt resistor current at the spark initiation 
was 89.96mA.     
 
Figure 35 I2(t) during Spark Energy test 
 Four different coils were considered for the purpose of this work. The Table 8 is a list 
of parameters measured on that coils. 
  Table 8 Characteristics of measured ignition coils 
Manufac
turer 
Type 
Max 
Primary 
current 
 [A] 
Charging time 
@12V  
[ms] 
Spark 
duration [ms] 
Spark 
Energy  
[mJ] 
Weight 
[g] 
Vape Z43 9 3.87 1.6 56.76 265 
Vape Z04 10 3.93 1.27 46.1 305 
Bosch Audi 80 8 5.02 1.87 87.1 476 
Tesla VW Golf 8 4.95 2.06 71.6 576 
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The primary voltage which is essentially an on-board voltage of the car may differ with 
the battery condition. Hence to maintain Spark energy through those voltage changes the 
primary current must be maintained as well. This is done by altering charging times depending 
on Primary voltage. Figure 36 shows such map measured for used ignition coil. 
 
Figure 36 Charging characteristics of the Ignition coil 
5.3.2 INJECTORS 
 The engine used for this work were developed as a Port Fuel Injected (PFI) hence the 
other actuated outputs were injectors. These are devices which deliver just right amount of the 
fuel to the combustion chamber. 
 Decision on which type to use was in this case more dependent on their physical 
properties than electrical. However when the right ones were chosen even their electrical 
properties had to be mapped.  
 The Figure 37 shows that injector for PFI consist on the electrical side of the 
electromagnetic solenoid. 
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Figure 37 Injector Schematic 
 To be able to spray exactly the amount of fuel required the fuel flow throughout the 
injector have to be mapped and known. From the Figure 38 below can be seen that Injection 
quantity may be assumed linear with respect to the Injection time set. This is caused by the 
constant size of the outlet orifice which is opened underneath the needle valve. However 
solenoid takes some time to rise the valve up. This time is called Injector Dead Time. Similarly 
as the ignition coils the properties of the injector solenoid varies with the drive voltage. The 
important property in this case is a force which rises the needle valve and consequently the time 
it takes [20]. 
 
Figure 38 General Injector characteristics 
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 Fuel mass flow characteristics were obtained from manufacturer with other physical 
properties but Dead times were unknown. For that reason the injector test-bench has been 
built. 
INJECTOR TEST-BENCH 
 The injector test bench is a simple device which is able to drive the injector and also 
measure the mass of the fuel sprayed for the known number of pulses.  
The injector driver was based on myDAQ from National Instruments which drives a 
Solid State Relay to be able to withstand the current required for the injector. 
LabView which is programming environment from National Instruments was used to 
build the Application used in myDAQ. Figure 39 shows a User interface of programmed App. 
Left hand corner of the window is for control of generated pulses. The injector is driven for 
set number of pulses in Pulse Width Modulation mode. Pulse width is defined as Pulse 
duration in ms, the space between the pulses is set to 10ms which is enough to close the 
injector and have no other influence on the measurement. Right side of the window measures 
generated signal and shows the output just for control that the driver side was working 
correctly. Block diagram of the App is shown in APPENDIX C. 
 
Figure 39 User interface of injector driver 
 The weight of the fuel sprayed is measured and normalised by the number of pulses. 
Results of such measurement is shown in the Figure 40. The voltage was varied also to know 
the injector behaviour under different voltage.  
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Figure 40 Measured injector characteristics @3.7bar 
Measured points are on the same line which confirms linear dependence. The slope of 
all lines is constant as well whilst the Dead Time varies. From that can be concluded that 
when injector opens the flow is constant. The only variable dependant on the voltage is Dead 
Time. Precision of the measurement has been controlled against the manufacturer’s flow rates 
and together with the Dead times is shown in Appendix D. 
5.4 ENGINE CONTROL UNIT (ECU) AND DATA ACQUISITION 
All the Sensors and Actuators mentioned above would be meaningless without the 
brain of the entire Engine. The work done on the Sensors and Actuators is to provide 
undistorted and precise electronic interpretation of the Engine behaviour and ability to control 
that behaviour very precisely. 
Due to the amount of variables measured full programmable ECU from British 
company LifeRacing has been chosen. F88 model satisfied the requirements with its functions 
however additional Expansion box was needed to provide enough sensor inputs. Figure 41 
shows the Data Acquisition box for dyno testing. In the Table 9 basic ECU and Data 
Acquisition system parameters are listed.  
Although most modern ECUs are highly complex, including the Life Racing F88 used 
for this work, their basic task is very simple; to control the air/fuel mixture injected entering 
the engine and at what point in the engine’s cycle this air/fuel mixture should be ignited.  
However a lot of parameters is taken in account and amount of other functions is 
employed to completely control the engine.  
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Basically all those functions consist of various programmable look up tables (maps), 
which are referenced based on inputs relating to the physical behaviour of the engine. These 
tables define an output figure, based on the input signals, to control actuators acting upon the 
engine’s combustion mixture, ignition systems and turbo control.  
 
Figure 41 Engine Control Unit and Expansion box 
Table 9 ECU and Data Acquisition parameters 
 ECU F88 Expansion box X10 Total 
Inputs 30 10 40 
   General 8 4 12 
   Bipolar 16 6 22 
   Knock 2 - 2 
   Lambda 2 - 2 
   K-Type Thermocouple 2 - 2 
Outputs 28 10 38 
   Ignition coils or PWM 8 - 8 
   Fuel injectors or PWM 16 6 22 
   Half bridges 4 4 8 
Calibration 100 MHz Ethernet 100 MHz Ethernet  
Communication  CAN 2.0B, RS232 CAN 2.0B  
Connector 88Way 35Way  
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6 ENGINE CALIBRATION THEORY 
Engine calibration is made up of various areas, fundamental to controlling the engine’s 
operation. Many of the areas cross reference each other with many of the functions being used 
simultaneously together. The areas referenced are common amongst all engine control 
systems, their implementation may change however with each different engine management 
manufacturer, therefore their principles need to be understood thoroughly [21]. 
6.1 ENGINE CONFIGURATION 
When creating an ECU calibration to run a new engine for the first time, there are 
many physical engine parameters that have to be defined within the ECU calibration before 
the engine can be run. Fundamental engine geometry parameters have to be defined including 
the engine configuration and the number of cylinders (inline 4, V6 etc.), the cylinder firing 
order and the engine reference angles all have to be defined within the calibration. 
6.2 ENGINE TIMING 
Engine speed monitoring is crucial for accurate electronic engine control. The manner 
in which it is calculated is also significant in the transient performance of the engine. Low 
inertia, high speed race engines can accelerate by a rate of hundreds of revolutions per minute 
in one single crankshaft revolution therefore accurate engine speed monitoring is vital to 
calculate the optimum fuel injection and spark timing values. 
6.2.1 CRANKSHAFT SPEED TIMING 
A VR crankshaft sensor monitors pulses created by a toothed trigger ring rotating with 
the crankshaft. The teeth are spaced equidistantly around the trigger ring and from this the 
crankshaft speed can be calculated by measuring the time taken to travel between each of the 
trigger pulses. 
 
Figure 42 Crankshaft Speed Sensor Diagram [22] 
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 There will be a finite time required as the ECU calculates the engine speed, references 
the map and then outputs this calculated signal to the actuator. The quicker the ECU can do 
this process, the better, as the spark timing and fuel injection pulse can be calculated as late as 
possible in the engine’s revolution. This allows the engine speed value referenced by the ECU 
to be as close to the physical engine speed as possible. 
With equidistant triggers on the crankshaft sensor trigger ring the ECU cannot simply 
calculate the crankshaft’s rotational position. It is entirely possible that the sensor can miss a 
tooth when the engine is operating due to a number of reasons, such as debris passing 
between the trigger wheel and the sensor. Therefore a common method is to remove one of 
the trigger teeth to give a gap in the equidistant pulses. This gap will be mechanically fixed 
therefore the ECU can also use it to reference a set position in the engine’s cycle.  
Based on the current engine speed, the ECU sets a time period in which it would 
expect to see the next pulse, if the pulse falls outside of this range then the ECU registers this 
as the gap tooth. The next tooth the ECU sees after the gap is used to validate that the ECU 
measured the gap and the tooth after that would be used to locate the crankshaft’s rotational 
position from TDC using the reference angle defined in the base engine configuration. 
6.2.2 PHASE TIMING 
The engine phase timing is a fundamental component in the accuracy and efficiency of 
the engine’s calibration. As the crankshaft revolves twice in comparison to the camshaft’s one 
revolution per four stroke cycle, the phase timing has to be calculated so that the engine and 
the ECU are synchronised. As engine speed and position is normally calculated from the 
crankshaft sensor it is possible for the ECU to be 360 degrees (2 strokes) out of 
synchronisation with the physical engine without a method of monitoring the engine’s phase 
timing, which would result in the engine either running inefficiently or not running at all.  
There are several ways in which to calculate the engine’s phase timing, most of which 
are dependent on the engine hardware, but the most common method is to measure the 
camshaft’s position via at least one position indicator rotating with the camshaft, monitored 
by an inductive phase sensor. The ECU will constantly be calculating the crankshaft’s 
position in reference to TDC and will use the signal from the phase sensor to determine 
whether the crankshaft is in the first or the second revolution in the four stroke cycle. 
In fixed camshaft timing engines, the ECU strategy commonly only monitors the 
phase signal on initial engine start up and then determines the phase timing by simply 
counting the crankshaft revolutions after this, ignoring the phase timing, as the physical 
engine timing should not change. This technique slightly improves the engine reliability as the 
engine will continue to run efficiently should the phase sensor fail whilst the engine is 
running. 
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Figure 43 Camshaft position sensor 
6.3 IGNITION TIMING 
The ignition map is the table which defines at what point in the engine’s rotation the 
spark is placed into the air / fuel mixture. The value is defined in crankshaft degrees and is 
referenced from the crankshaft’s TDC position in between the compression and the power 
stroke. The spark usually needs to be placed when the crankshaft is BTDC. Increasing the 
BTDC spark value, moving it further away from TDC or placing it earlier in the engine’s 
cycle, is known as advancing the spark and the opposite is known as retarding the spark; 
shown in the Figure 44 [23]. 
 
Figure 44 Ignition Timing Diagram 
 The target when determining the spark placement position is for the peak cylinder 
pressure from the combustion event to occur as the piston and con rod assembly regain 
BRNO 2015 
 
 
65 
 
ENGINE CALIBRATION THEORY 
 
 
mechanical advantage over the crankshaft. This is dependent upon the engine’s hardware 
geometry. 
The combustion event itself is effectively a chain of chemical reactions which propagate 
out from the spark plug burning the air/fuel mixture within the combustion chamber. This 
releases the stored chemical energy as heat energy, raising the pressure within the cylinder. 
Therefore for a given fuel in the same engine, the time taken for this combustion process can 
be thought of as a constant. However, as the engine speed increases, the time it takes the 
crankshaft to rotate a certain amount of degrees decreases. Therefore the combustion event has 
to be started earlier within the engine’s cycle in order for the peak pressure to occur at the same 
optimum point. 
6.3.1 MINIMUM FOR BEST TORQUE (MBT) 
The torque produced by the engine is a direct result of the ignition timing and the 
associated combustion pressures. The MBT point is where the maximum amount of torque is 
produced from the engine for the lowest amount of spark advance. This point is used when 
calibrating the engine to produce the optimum performance from the engine safely and 
efficiently. As this point can only be found by accurately monitoring the torque produced by 
the engine, it is fundamental for base engine mapping to be performed on a load controlled 
engine dyno or rolling road.  
 
Figure 45 Demonstration Graph of Differing Engine Type’s Response to Ignition Advance 
Figure 45 demonstrates typical engine torque outputs in relation to the spark timing at a 
nominal engine speed/load site. For ease of demonstration the knock limit point is kept constant 
and therefore the spark timing value may not be the same for each engine type at a given 
distance upon the X axis i.e. the knock limit may occur at 20° BTDC for engine type 2 however 
the knock limit may occur at 40° BTDC for engine type 3. 
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For engine types 1 & 2, advancing the ignition point past this MBT point could only 
have a negative impact upon the engine hardware for no performance gain. As the ignition 
timing is advanced, the piston is further back towards the TDC location when the peak cylinder 
pressure occurs. This forces the piston and con-rod assembly straight down on to the crankshaft 
which can’t rotate in that position. The energy from the combustion process is therefore used 
to compress the big end bearing and its’ lubricating oil instead of producing a torque upon the 
crankshaft. This process unnecessarily wears the bearing material and heats the oil reducing the 
engine hardware’s life [24]. 
Engine type 3 demonstrates a typical knock limited engine design. The engine keeps 
producing more torque as the spark is advanced further until knock occurs. The rising slope of 
the line suggests that the maximum amount of torque from that engine geometry has not been 
reached and therefore the peak cylinder pressure has not occurred at the optimum mechanical 
advantage point. 
6.3.2 DETONATION, KNOCK AND PRE-IGNITION 
Detonation and pre-ignition are events which happen within the engine and can have 
similar negative results on the engine components as such they are often confused as being the 
same thing, which they are not. 
Detonation (also known as knock) is as an event which occurs after the combustion 
process has been ignited intentionally, through the use of a spark plug. The desired combustion 
process is for the flame front to travel away from the spark plug uniformly throughout the 
combustion chamber, combusting the air and fuel mixture as it travels to the extremities of the 
cylinder. When the pressure wave reaches the cylinder wall it is dissipated as it falls down the 
cylinder wall with the moving piston. Bell uses the good analogy of the ripples caused by 
dropping a pebble into a still pond [25]. 
When detonation occurs however the combustion of air/fuel mixture does not propagate 
uniformly throughout the cylinder. Heat from the combustion event quickly radiates out across 
the combustion chamber, ahead of the flame front, igniting local pockets of the air/fuel mixture. 
This results in multiple flame fronts travelling across the cylinder which eventually collide 
together. The collision releases a large amount of pressure causing an intense shock load which 
hits the engine components and vibrates the cylinder walls. This vibration is the “knock” sound 
which can be audibly heard with a knock sensor.  
Detonation can occur when the temperature of the charge mixture inside the cylinder is 
too high initially and therefore is already very close to the combustion temperature for that 
octane rating of fuel. A rise in temperature around the spark plug is enough to heat a pocket of 
fuel at the extremity of the cylinder above its combustion temperature causing two flame fronts 
to start within the combustion chamber. It is desired that the charge mixture requires a 
significant rise in temperature to combust which is only possible from being acted upon by the 
spark ignited flame front. 
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Detonation can also occur as a result of placing the spark in a position which is too 
advanced for the engine. The flame front spreads across the cylinder reaching the cylinder walls 
as per a valid combustion event however the piston cannot physically move down the bore 
absorbing the cylinder pressure therefore the pressure wave bounces off of the cylinder walls 
returning back to the centre of the combustion chamber. Again, the flame fronts collide 
releasing a large amount of energy. 
Knock can be caused by a number of complex variables however in a naturally aspirated 
engine it can be avoided by simply changing the ignition timing or the fuel mixture or both 
together. Turbo engines are often subjected to the knock, because combustion pressures are 
higher due to pressurised induction. Up to the ignition and fuel changes the boost can be 
controlled to avoid the Knock.  If the detonation occurs due to the ignition angle being too 
advanced then the timing can simply be retarded to avoid detonation. If the air/fuel mixture is 
too hot and therefore more susceptible to detonation then the air charge can be made richer in 
order to cool the cylinder, reducing the risk of detonation. 
Pre ignition is a combustion event which was not intentionally ignited i.e. occurred 
before the spark was sent by the ECU. There are many possible causes for this but they all 
revolve around a piece of material within the engine being so hot that it heats the local air/fuel 
mixture around it above the combustion temperature of the fuel causing it to ignite. Bell states 
that there are two possible negative outcomes to this occurring. If this occurs towards BDC of 
the piston’s travel then the heat of the combustion will be acting upon the piston for a sustained 
period of time. He states that the combustion temperatures can be well in excess of 1000°C, 
much above the melting point of most aluminium pistons. The sustained heat will melt the 
material of the piston, which would usually be protected by a cooler boundary layer of air charge 
later in the cycle, causing component failure. If the pre ignition occurs towards TDC when the 
air/fuel mixture has been compressed then the pressure levels are much higher and may cause 
component failure in a similar way to the detonation events [25]. 
6.3.3 KNOCK CONTROL 
Knock control is a closed loop function that allows the ECU to control the ignition 
timing based on measured cylinder knock activity. Due to the large amounts of variables that 
affect the combustion event the previously safe MBT point of the spark timing may now incur 
detonation, measured as cylinder knock. As there are many variables which can cause cylinder 
knock to occur the safest option is for the ignition point to be retarded so that the piston is 
further down the bore reducing the pressure in the combustion chamber. 
In a well calibrated engine there are varying magnitudes of knock events which can 
occur. For most instances the knock event is very minor and may be an isolated event therefore 
the spark will only be retarded by a small amount for the next few engine cycles. If no further 
knock is recorded after this event then the ignition advance will be returned to the set point in 
the ignition map. As the severity of the knock measured increases, the significance of the 
change in the ignition point also increases until such severe knock events are measured that the 
cylinder is shut down altogether to prevent complete mechanical failure. On a well calibrated 
engine, events of this nature are only likely to be triggered by a component failure such as a 
blocked fuel injector or a glowing engine component within the combustion chamber.  
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Figure 46 Typical Locations of Recorded Noise [26] 
Some engine designs result in the ignition point being knock limited. This is where a 
MBT point can’t be found and the torque produced by the engine steadily increases as the spark 
is advanced until knock occurs. This is commonly found within production OEM engine 
calibrations where the calibrators have to create the map for the very poor quality fuels found 
in less developed countries. For engine designs such as these performance gains can be found 
by allowing the knock control to advance the ignition timing from the set point within the map 
if there is not any knock heard. The ignition point is steadily advanced until knock is heard (if 
it all) where it is adjusted in a closed loop fashion to run safe again without knock occurring. 
 
Figure 47 Knock Sensor used 
Knock sensors are piezo electric sensors which convert the mechanical vibrations heard 
at the cylinder wall into electrical signals to be used by the ECU. With so many moving 
components within an engine there are many vibrations heard within normal operation. 
Therefore the knock sensor has to be tuned to only listen out for knock events. The knock events 
can only occur after the charge has been ignited and whilst there is still sufficient cylinder 
pressure, therefore the knock sensor only needs to listen for part of the 720 degrees of the 
crankshaft’s rotation cycle. Ideal Knock Detection Frequency can be calculated from the 
Equation (16) below where DC is Bore of the cylinder.  
𝐹𝐾𝑛𝑜𝑐𝑘 =  
9
5 × 𝜋 × 𝐷𝐶
. (16) 
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6.4 FUEL MAPS 
The fuel maps are the calibrated fuel injection look up tables referenced by the ECU in 
order to determine what amount of fuel should be injected into the engine at its current running 
speed and load. The referenced value is a measure of time for the fuel injector to be opened on 
the next induction stroke of the engine’s cycle. 
The fuel maps are constructed in 3 dimensions; the engine speed site, the load on the 
engine, and the required amount of fuel at these sites. The engine speed value is normally 
calculated from the crank sensor however there are a number of ways of determining the load 
on the engine. Typically there are only 2 methods used in competition engine calibration and 
the method selected is dependent on the hardware used in the engine. 
 
Figure 48 Example 3D Fuel Map 
Typically the throttle position % is used for naturally aspirated engines to represent the 
load placed on the engine. With the throttle diameter being mechanically constant and the 
atmospheric air entering the engine at barometric air pressure the throttle position can be 
treated as a repeatable measure of the quantity of air flowing into the engine. However, this is 
not the case with forced induction engines as the quantity of the air within the inlet system is 
dependent on the pressure of the air in the system. With the dimensions of the inlet system 
being constant the only variable in terms of engine load will be the pressure of the air within 
that system. Therefore the value from the Manifold Absolute Pressure (MAP) sensor will be 
referenced as the load placed on the engine for forced induction engines. 
The engine calibration can be configured to use one type of engine load as the primary 
value to calculate the initial fuelling value required before using the value obtained from the 
secondary load indicator as a multiplication factor to modify this value. 
The fuelling values are found by visiting the speed load points and manually fine 
tuning the injection values until the target fuel delivery is found at that site. With the wide 
range of operating conditions the engine operates within it would be extremely laborious and 
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time consuming to visit every possible site. Therefore a finite number of sites are determined 
within the calibration programme, usually in 500 RPM and 10% TPS increments, and the 
ECU uses these values to interpolate from when the engine operates in between these break 
points. 
6.4.1 LAMBDA RATIO 
The lambda ratio is commonly used as the means of indicating the air and fuel ratio of 
the combustion mixture. To simplify the value of air / fuel ratio the lambda value is calculated 
by comparing the actual air fuel ratio to the air fuel ratio of a stoichiometric burn to give a 
simple value.  
𝐿𝑎𝑚𝑏𝑑𝑎 (𝜆) =  
𝐴𝑐𝑡𝑢𝑎𝑙 𝐴𝑖𝑟 𝐹𝑢𝑒𝑙 𝑅𝑎𝑡𝑖𝑜
𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝐴𝑖𝑟 𝐹𝑢𝑒𝑙 𝑅𝑎𝑡𝑖𝑜
 (17) 
 
Table 10 Example of Lambda Ratio Values 
 Lambda 
Mixture NA Gasoline Turbo E85 
Stoichiometric 0.85 0.71 
Max Power Rich 1 1 
Max Power Lean 1.15 1.1 
 
6.4.2 RICH AND LEAN MIXTURES 
Based on the principles of the complete combustion it would be presumed that 
stoichiometric burn will release the greatest amount of energy for that combustion event. 
However in practice this has been found to not be true, this is due to the inefficiencies associated 
with the internal combustion engine and the principle that the engine does not operate on just 
one combustion event. 
Not all of the heat from the previous combustion event is rejected by the engine before 
the cylinder is re-filled for the next combustion event to occur. Much of this heat is absorbed 
by the materials of the engine components and thus is radiated into the next mixture of air and 
fuel entering the cylinder. The heat reduces the density of the mixture therefore the next cylinder 
filling will not contain as much chemical energy to be released in the format of fuel molecules. 
This problem is highlighted further at higher engine speeds due to the heat having less time to 
radiate away from the engine internals per engine revolution. A hotter air charge is also more 
susceptible to knock activity which results in having to retard the ignition timing also. The 
combination of these events results in a reduction of the engine power over a series of engine 
cycles. 
To combat this, additional fuel is injected into the cylinder (rich) to cool the mixture, 
and therefore the cylinder and engine components, down as the extra fuel molecules absorb 
some of the heat energy. The cooler mixture also benefits from an increased density allowing 
improved cylinder filling. Due to these advantages of running rich, there is more stored 
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chemical energy within the mixture ready to be released within the next combustion event, 
resulting in higher peak engine power being produced safely for a sustained amount of time. 
However, running too rich can cause a loss in power. Extra fuel molecules within the 
cylinder results in there being less available space for the air/oxygen molecules needed to react 
with the fuel molecules in combustion. Less reactions taking place results in less power 
produced by the engine. 
The manner in which the air and the fuel mix are distributed around the cylinder is 
determined by various engine hardware design parameters thus the mixture is not evenly 
distributed throughout the cylinder. There will be pockets which are very fuel rich and other 
areas which will be fuel lean. During combustion this will affect the way in which the flame 
front propagates around the cylinder. Due to this, every engine behaves differently and therefore 
the lambda value for peak engine performance cannot be calculated without physical engine 
testing. However many engines are designed around the same design principles and production 
techniques therefore their behaviour will be somewhat similar. Thus, previous results from 
dyno testing of other engines can be used to predict at which lambda figure peak engine power 
will occur to aid efficient use of dyno testing time. Example of such values is in the Table 10. 
For a given volume a lean burn does not release as much useable energy resulting in a 
power loss. The combusted mixture spreads faster throughout the cylinder without the extra 
fuel molecules within the mixture and this also results in the burn being at a higher temperature 
due to a lack of fuel and its heat absorption properties. If uncontrolled the temperatures will 
significantly exceed the melting point of the engine components causing them to deform and 
fail. However at low load and low engine speeds the volume of this high temperature air is 
much less significant in comparison to the volume of the entire cylinder and with longer cooling 
periods due to the slower engine rotational speeds there is more time for the engine components 
to cool, therefore it is safe for the engine hardware to run with a lean mixture. 
6.4.3 FUEL DUTY 
In order to fully control the amount of fuel injected into the engine the injector ideally 
needs to close for a proportion of the engine cycle, as an injector running constantly open is no 
longer in direct control of the fuel being injected. The time duration of an engine cycle decreases 
as the engine speed increases and therefore the injector has a much smaller time window in 
which to inject in at peak engine speed in comparison to idle speed. 
To account for this a duty cycle value is commonly given as a percentage to compare 
the actual injector opening time to the maximum cycle time at that engine speed. A port fuel 
injector injects fuel onto the back of the inlet valve and therefore the cylinder filling of charge 
mixture is controlled by the valve train. This allows fuel injection to take place throughout the 
entire four stroke cycle, giving a larger injection window in comparison to a direct injection 
engine which can only inject during cylinder filling on the induction stroke and part of the 
compression stroke. The injector requires a certain amount of time to close and open and 
therefore a maximum pulse width percentage is often recommended by injector manufacturers. 
A maximum duty cycle values should range between 60-80% depending upon the 
manufacturer. A chart demonstrating the injection window in milliseconds at varying engine 
speed sites is shown in Appendix E. 
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6.4.4 FUEL SHUT OFF 
Another area of fuelling concern is when the engine load is removed i.e. the throttle 
being closed. When this initially occurs it is presumed to be due to the driver wanting to 
decelerate the vehicle. At this point the fuel is stopped from being injected into the engine which 
is now being rotated only by the rotation of the driven wheels/transmission. The pumping and 
frictional losses of the rotating engine aid to decelerate the vehicle through engine braking. 
However if the fuel is permanently switched off whilst the engine is decelerating with a closed 
throttle, the engine will eventually stop and stall which obviously is not desirable. Therefore 
the fuel has to be injected again as the engine speed approaches the idle speed in order to 
produce enough torque to keep the engine rotating at its idle speed. 
6.4.5 CLOSED LOOP FUELLING 
There are many factors which could result in the values within the fuel maps producing 
a different lambda value to that of which the engine was originally calibrated to produce, 
including; injector wear, changes in fuel pressure, the chemical content of the fuel and of the 
atmospheric air etc. Therefore a functionality of the ECU is for the values from the fuel table 
to be adjusted within the software based upon lambda value. 
A target lambda value is defined within the closed loop fuelling calibration for the actual 
lambda value to be compared against. The two values are compared against each other to 
calculate the % error (if any). If an error is found which results in the mixture being lean in 
comparison to the target value then the ECU will add a compensation factor onto the fuel figure 
obtained from the fuel map. The opposite will obviously occur if the error was found to be rich. 
This process constantly occurs adjusting the fuelling so that the engine is running at the desired 
lambda value. 
Limits are set within the calibration as to the degree of freedom the ECU has to adjust 
the fuel maps over standard. If part of the sensor circuit was to malfunction or provide incorrect 
readings then the fuel map could potentially be modified significantly enough to cause engine 
failure. Due to this limits are placed to allow the fuel tables to be changed by no more than a 
certain % over the original value. The closed loop fuelling strategy can be used to create a 
learned fuelling table, which can be referenced when generating the primary fuel map. This 
computer based process can be performed much more efficiently than a human can through 
iterative engine mapping therefore is an effective way of finalising a fuel map. However the 
fuel map must be close to the target values initially so as a suitable degree of freedom can be 
utilised by the closed loop strategy. 
6.5 STARTING 
Starting a static engine requires precise control of the fuel and spark in order for the 
engine to overcome the frictional losses as it accelerates up to its natural idle speed. Engine 
hardware location has to be determined within the initial engine revolutions as the engine could 
have stopped in any random position from the previous use. The high torque of the starter motor 
results in a high initial acceleration rate of the crankshaft therefore accurate monitoring of the 
rotating engine components is required in order to accurately inject and ignite the fuel at this 
highly transient stage. 
A cold engine requires more torque in order for it to revolve in comparison to an engine at 
operational temperature and this has to be allowed for in the cold starting strategy. The 
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lubricating oil is more viscous at cold temperatures therefore provides more resistance to 
rotation, similarly, cold engine components results in non-optimal tolerances between the 
moving components of the engine as many of the components are optimised for efficient hot 
running. As highlighted by A. Graham Bell, the injected fuel droplets do not atomise as well as 
the droplets do when the engine is hot therefore the combustion events do not produce the same 
amount of usable energy [24]. 
Challenges are also present when trying to start a hot engine. Heat soak from the hot engine bay 
heats the fuel within the fuel system which reduces the fuel content per cm3 effectively causing 
the engine to run lean. This can make it harder to ignite the mixture and therefore making it 
harder to start the engine.  
6.6 CORRECTION FACTORS 
Correction factors are used to modify the fuel and ignition maps to account for changes 
in the engine’s operating conditions from those in which it was calibrated within. The changes 
are made to both optimise the engine’s performance as well as to allow the engine to operate 
safely, improving the engine’s reliability in a range of operating conditions. 
6.6.1 FUEL MAP COMPENSATION 
Multipliers are applied to the base injection time map in order to compensate for various 
physical changes to the engine and/or the ambient air. 
The barometric pressure multiplier modifies the end fuel duty to match the change in 
the density of the ambient air. For example, there is significantly less oxygen within the 
atmospheric air at the top of the Pikes Peak international hill climb than at sea level therefore 
less fuel is needed to completely combust with this oxygen. 
Air charge temperature and engine coolant temperature correction factors are applied to 
control the in-cylinder charge temperatures to avoid the mixture detonating and/or pre-igniting. 
Extra fuel is added to cool down an engine or air charge which is operating at a temperature 
which is too high. 
A fuel enrichment factor is also applied when starting a cold engine. The cold metallic 
surfaces of the engine allow the fuel to collect upon these surfaces as liquid droplets. This 
results in some of the injected fuel not being used usefully within the initial combustion process 
with the air charge effectively being in a lean state due to this. 
6.6.2 IGNITION MAP COMPENSATION 
Similar multipliers are added to the ignition map to compensate for changes in operating 
conditions. The ignition map is predominantly changed due to increased air charge and coolant 
temperatures. The end spark angle will be retarded to compensate for higher temperatures so 
that detonation does not occur. 
6.7 BOOST CONTROL 
The turbocharger is equipped with a Wastegate valve which is opening to bypass the 
turbine when the lower boost is required or with increasing rpms to release a backpressure 
caused by a small turbine.  
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Wastegate is controlled in closed loop by pneumatic capsule using a pressure generated 
by the compressor. However this control pressure is switched by Electronic Solenoid to have 
better control under the Wastegate. 
Minimum boost pressure required to open the Wastegate is defined by the spring inside 
the capsule. When higher boost is requested solenoid is closed by PWM signal and enables to 
reach that pressure.  
 This control of turbocharger is usually targeted on three common parameters which are 
Manifold Absolute Pressure, Post Restrictor Pressure and Turbine Speed. All of those 
parameters are used in PID regulator to keep them under control. 
 
Figure 49 Wastegate valve 
6.8 LIFERACING ECU 
The F88 model of the ECU used is well proven and is used in many forms of high end 
motorsport, controlling race engines of high complexity hence suitable for new single cylinder 
turbo engine development. 
The electrical components of the ECU are contained within a sealed aluminium case 
which has a port or “hairbrush” to connect the ECU to the vehicle via the engine loom. The 
circuit board is isolated from vibrations internally but it is good practice to also mount the ECU 
on a vibration isolating material so as to increase the reliability of the unit as much as possible. 
Good heat management principles should also be employed to allow efficient heat rejection 
from the ECU, a cooling air flow is desirable but not essential. The wiring loom and sensors 
are delicate and therefore should be protected from any accidental damage which may occur. 
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Figure 50 LifeRacing F88 ECU 
The Life Racing engine management package also includes various Life software programmes 
designed to interact with and control the ECU. 
6.8.1 LIFECAL 
Life Cal is the programme used to directly control and calibrate the F88 ECU. It contains 
all of the configurable inputs which contribute to the engine’s calibration including the maps 
and the base engine information. It features a user friendly navigation system which can be 
navigated by pressing the starting letter of the required command i.e. G referring to Gauge. The 
associated menus can be navigated through the use of the up and down arrows of the keyboard, 
selections can be made and un-made using the Enter key and the Esc button allows you to return 
a step. Although user friendly navigation may not seem significant when considering calibration 
software, it has a significant factor at the trackside in bright light conditions which makes the 
laptop screen difficult to view and when there is pressure on to make a track session ease of 
navigation could be a deciding factor. 
 
Figure 51 Screenshot of Calibration File in LifeCal 
There are two main operating modes within Life Cal, online or offline. Online refers to 
when the software is connected to a powered ECU which may or may not be connected to a 
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running engine. Engine calibrations can be sent to or extracted from the ECU whilst online but 
this process can only occur whilst the engine is not running. The fuel and ignition maps and 
their associated compensation factors can all be adjusted whilst the engine is running and this 
is what happens during the mapping process. This freedom is useful for live mapping of the 
engine, however it is also means great care has to be taken as human error or “finger slips” will 
directly feed into the control of the running engine therefore catastrophic engine failure is 
plausible depending on the significance of the error. Offline mode is used to generate new 
“desktop” calibrations as the entire functionality of the ECU is available for modification 
allowing the calibration file to be built from scratch. 
The calibration tree features a multitude of functions and programmable maps, some 
essential to the engine running, such as ignition tables, but also other features that are not 
required for the Formula Student engine calibration, such as Nitrous Control. The desired maps 
can be selected, adjusted and programmed from the calibration tree. Likewise, the undesired 
maps and features can be selected and turned off, either through a simple function off command 
or via inputting a value that will not affect the input and output of the rest of the calibration if 
the function directly affects an engine table i.e. multiplication factor of 1. 
6.8.2 LIFEMON 
LifeMon is a data monitoring programme, used in conjunction with LifeRacing ECUs 
that displays live data from the engine control system. The monitor page can display the data 
in various formats including linear bar plots and the raw numerical value. The page is 
completely user configurable and is useful for monitoring the physical engine’s health. Alarms 
can be created based upon the data from the various channels to notify the engineer if the engine 
goes out of the expected operating parameters. This is especially useful during the engine 
calibration process to monitor the rest of the engine which is easy to forget when focused upon 
optimising one specific map. A monitor page can also be created to be used by technicians etc. 
who are preparing the car. A warm up page for example can be used to monitor the engine vitals 
during the vehicle preparation for a competitive session. 
6.8.3 LIFEDATA 
The F88 ECU also features its own internal memory allowing the engine data from each 
competitive session to be stored within the ECU and analysed after the session. There are 
various other Life software programmes that are for use with this data logging function 
including setting up the data logger and displaying the retrieved log data. This logged data can 
be used to monitor the vehicle systems in terms of their function and health and also the data 
can be used to further optimise the calibration. When viewing vehicle systems data, the output 
of the specific logged channel should always be displayed against time in order to accurately 
monitor the system’s precise operation points. 
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7 ENGINE PERFORMANCE OPTIMISATION 
To develop a thorough engine calibration a repeatable, controlled and safe testing 
environment was required. The Superflow SF-902 dyno test cell was used for this purpose. This 
allowed the engine to be run under a constant load or speed in order to calibrate the engine. 
7.1 DYNO INSTALLATION 
To install the engine on a dyno seems to be as simple as it stays. However the opposite is 
true single cylinder competition engine with very low inertia is running very unsteadily. A lot 
of solutions using rubber couplings were used in previous years to solve the vibration problem 
of the single cylinder engine. Current solution has been proven and for damping the 
unsteadiness of the engine a combination of chain transmission and rubber dampers has been 
used. 
To have a sensible speed control a gear ratio has been chosen to use the whole dyno speed 
range which also caused a torque reduction however this was not an issue as the water brake 
used has a lot of options available to deal with different engine torques.  
The engine installed in dyno cell equipped with all the sensors can be seen in the Figure 52 
as well as the chain transmission in the Figure 53. 
 
Figure 52 Dyno cell installation 
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Figure 53 Chain Transmission 
7.2 SENSOR VERIFICATION AND CALIBRATION 
All the sensors mentioned above has been measured and proper calibration data has been 
measured. Each and every sensor calibration has been loaded into the LifeCal. Linearization 
curve for Throttle position is shown in the Figure 54.    
 
Figure 54 Throttle position Linearization 
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 However the Linearization is not the only parameter set for each sensor as the ECU have 
some condition how to consider the sensor failure which has to be set as well. Those parameters 
are Upper and Lower Voltage Limit Thresholds, Failure Rate, Recovery Rate and Default 
Sensor Reading. When the condition for failed sensor is satisfied then the ECU changes its 
status to Limp mode which may enable to finish the race under special engine mode instead of  
total withdrawal.  
 Some of the Sensors are sensible to surrounding disturbance which can be solve by 
setting right Filter Constant which is applied to the signal read. 
7.3 STARTING MAP 
To allow the engines to start and run for the first time so as calibration development can 
take place an initial starting map was created. The fuel injection values obtained by 
interpolating known fuel maps from GT-Power Simulations were input into the calibration file 
so that the air/fuel ratio was roughly close to the mixture required for a useable combustion 
event. The ignition angles were set to values close to the recommended values in Bell’s book 
although modified slightly to allow for any inaccuracies in the measurement of the crankshaft 
reference angle. The modifications were biased towards a retarded ignition angle as this was 
deemed to be safer for the engine than an advanced angle which could cause the combustion 
event to run the engine the wrong direction. An indicator that the engine is running too retarded 
is that the EGT’s rise to very high values as the combustion event occurs later in the engine 
cycle and therefore more of the heat energy goes out of the exhaust valve. 
The values of the fuel injection duration and ignition angle were modified slightly whilst 
cranking with a partly opened throttle (≈15%) until the engine fired and began to run under its 
own power. The engines were initially started without being coupled to the engine 
dynamometer to protect the drive couplings from the vibrations caused by misfires etc. where 
the starting parameters aren’t quite what they should be. This meant that once an engine was 
running it was unloaded and the engine speed was very sensitive to any small changes in 
fuelling and ignition angle. A low rev limit was implemented to stop the engine ‘running away’ 
as the initial mapping took place to achieve a stable idle [24]. 
Also additional corrections had to be applied to start the engine under different condition 
such as engine or air temperatures. Such map developed for the current engine is shown in the 
Figure 55. 
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Figure 55 Engine Coolant Temperature Correction Factor 
7.4 IDLE CONTROL  
The small diameter throttle body and air restrictor did not allow enough air flow for the 
engine to run and idle with a closed throttle and therefore a mechanical throttle-jacker had to 
be used to hold the throttle open even with a closed throttle pedal. With the uneven nature of 
the torque inputs from the single cylinder engine a relatively large variance in engine speed 
occurs with the engine idling without load. This meant that the ignition based idle control had 
no real significant impact on controlling the idle speed and therefore this closed loop function 
was disabled and left to the mechanical throttle stop to control the idle speed. 
7.5 FUEL MAPPING 
Lambda ratio targets were set based upon the engine speed and load sites and the fuel 
injection time was adjusted to meet these target lambda values. These target values were 
selected based on the research information presented above. The ‘+’ and ‘-‘ keys on the 
keyboard were used within the Life Cal software to incrementally adjust the values within the 
fuel map, increasing or decreasing the fuel injection time. Adjustments to the main fuel map 
took place once the engine was hot and running at operational temperatures for the coolant and 
oil. This is between 80-90° coolant temperature and 90-110° oil temperature. The engine 
temperature compensation factors were adjusted whilst the engine was running up to 
operational temperature to keep the lambda ratio at the target value during this warm up phase. 
7.5.1 FUEL MAPPING PROCEDURE 
The dynamometer speed controller was used to hold the engines at specific engine 
speeds and the load was increased by opening the throttle at each of these engine speed sites. 
The engine speed sites were visited incrementally in moving from idle up towards the rev 
limiter. As the throttle applicator of the dyno cell is electronically controlled, all of the throttle 
sites between closed and WOT were visited and the fuel tables adjusted throughout this process. 
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The fuel injection values obtained from the simulation were found to be slightly too lean. To 
counter this, the calibrated values from the previous engine speed site were carried forward so 
that the fuel map was not significantly wrong when mapping the next site. 
7.5.2 CLOSED LOOP FUELLING 
Once the lambda readings were close to the target values the closed loop fuel control 
function was enabled. This is a PID controller and therefore the proportional gain and the 
integral gain could be tuned to control the fuel injection value and therefore the lambda ratio. 
It was found with the engine used that engine’s lambda reading could be tuned to produce a 
constant output however there was a constant error between this lambda reading and the target 
value. The base fuel map was then adjusted manually to bring the closed loop lambda value 
back closer to the target value. 
7.6 IGNITION MAPPING 
The ignition map values used to get the engine started were used for the initial fuel 
mapping. The dynamometer load reading was too erratic to give a useable torque figure to 
determine whether any changes in spark timing were making a positive or a negative effect on 
the engine torque. Therefore the EGT’s were monitored when making initial spark changes to 
see what trend the new ignition angle gave. A hotter EGT value will indicate that the 
combustion is too late in the cycle and therefore the timing is too retarded and conversely a 
reduction in the EGT value will show that the timing is running more advanced and the engine 
running more efficiently. 
7.6.1 KNOCK SENSOR 
The knock sensor attached to the engine was calibrated to listen at the calculated band 
pass filter frequency. The knock value being measured by the knock sensor was displayed and 
the sensor’s gain tuner was adjusted until the knock value was indicating a small amount % of 
knock whilst the engine was running and idling. This small % was used as there will always be 
some combustion sound measured so it confirms that the knock sensor is listening at the right 
frequency. This noise will increase in amplitude with engine speed therefore threshold limits 
were put in place to distinguish whether the sound heard was a knock event or just normal 
engine noise. 
The in-cylinder pressure has been measured with respect to the engine crank angle 
which was used for fine tuning of the ignition. The target was to set peak cylinder pressure to 
8 degrees ATDC. Those readings after passing frequency filter was used for Knock detection 
which was used for the Acoustic Knock Sensor calibration. Traces of in-cylinder pressure can 
be seen in Appendix F. 
7.7 BOOST CONTROL MAPPING 
The solenoid valve is controlled by the PWM signal on a constant frequency hence the 
controlled parameter is Phase Duty. The correct ignition and fuel map for the engine with 
Wastegate controlled by the spring, which then corresponds to the minimum boost is crucial. 
Than Base Wastegate Duty maps was created by setting Phase Duty values respective to the 
Boost Target. From the Figure 56 can be seen that Signal Duty is almost independent on Engine 
Speed. 
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Figure 56 Base Wastegate Duty Map 
When the ECU knows how to drive the Valve the PID controller was turned on. Target Boost 
pressure maps are again 3 axis depending on Engine Speed and Barometric pressure. To have 
precise control, PID constants were tuned to quickly and not exceed the requested boost 
which is shown in the Figure 57. In the same manner PID is tuned for Post Restrictor Pressure 
and Turbine Speed. 
 
Figure 57 Proportional gain tuning WG Valve 
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CONCLUSION 
The aims and objectives of this work has been met as well as the entire Turbocharged 
Engine Development. The success of the whole Engine Development was not only depending 
on this work but the entire task was spread among more sub-projects. It all started on demand 
of TU Brno Racing team which concluded the last season with very good results however with 
lot of powertrain issues. The decision was made to prepare and develop completely new and 
innovative Powertrain unit which still will be lightweight but powerful and reliable as well. The 
main reason and goal set by the team was to reach the podium in Engineering Design Event 
with such complex engineering work done and consequently achieve the best result in the whole 
Competition season. 
The first part of this work presents a research made to evaluate a suitable powertrain 
choice. The conclusion was based on other team’s results from last season. Some disciplines 
seemed to be not very dependent on the engine choice however the overall impression is that 
the weight of the whole car matters the most. Final decision was made to stay with the lightest 
single-cylinders however to support the team’s concept of increasing the power by proper 
engineering. The only way to do this was to equip the engine with a Turbocharger.  
The other part of this work was to prepare a reliable instrument to quickly design and 
develop such powertrain as the whole project had to be completed in limited time. Computer 
simulations were used throughout the whole process. All the steps made in designing the engine 
parts was based on simulations. One of the disadvantages of the computer based simulations is 
that its work rely on some assumptions and the outputs are never more precise than the inputs. 
The first simulations was performed and partially validated on data from the previous years. 
This served as an overview and for setting a concept of the whole Powertrain.  
The Powertrain is based on a single-cylinder enduro motorbike engine Husqvarna 
FE501 which was similar to the engine used by the team previous years however not the same. 
The computer model was than further validated on naturally aspirated version of new purchased 
engine. The geometry was measured by modern 3D technologies hence considered to be precise 
enough. Flow through the parts of the intake and exhaust system was measured to calculate 
discharge coefficients of each part. Combustion modelling was validated by the indication 
instrumentation which enables calculating the amount of heat added in time and hence validate 
the Wiebe function used. The rest fine tuning was based on generated torque curves. 
All the work done on Turbocharger matching and simulation was based on such 
developed model however it is not part of this work. The other presented topic was more 
practical and more focused on electronic side of the entire project. As it was mentioned to 
validate the simulations a lot of parameters was measured hence a very complex 
instrumentation was needed as well as calibrate the engine controls to let the engine running. 
A special test bench was built to spend the time on a dyno effectively. It has been 
designed to be fully plug & play with all equipment to drive and measure all the engine 
parameters during the dyno test. All of that shorten the time to install the engine on a dyno to 
less than an hour. ECU and Expansion box take care of more than 55 sensors and actuators 
which was also stored and post-processed retrospectively. 
BRNO 2015 
 
 
84 
 
CONCLUSION 
 
 
A work was done on sensors and actuators as well. The amount of sensors required a 
comprehensive research on what was available. Temperature sensors were designed, made and 
calibrated exactly for the purpose of this work. 
The ignition coil was chosen based on measured parameters obtained by the special test 
bench which was designed and build as well. This results in 20% higher spark energy which 
consequently makes the engine more reliable whilst running on E85.  
The injectors required to build a special test bench as well to be able to provide the ECU 
with proper calibration. This also leads to increase the reliability of the whole engine when it is 
running under different conditions. 
Most of the time of calibration and optimisation was performed whilst the engine was 
running on a dyno. The initial fuel and ignition maps were based on simulated data or literature 
review which enables saving time during the first steps. The main calibrated areas were the 
amount of fuel sprayed, ignition timing and boost control. Each of that areas is connected with 
its own correction factors which were calibrated as well. All of the data measured were logged 
and was used for all the validation work as well as the input for further optimisation.  
The result of that work as well as the whole project can be seen in Appendix G which 
compares Power curves of initial Naturally Aspirated engine to two variants of turbocharged 
engine with minimum and maximum boost. This means 40% increase in Torque generated 
while the range of maximum torque is from 5000 to 9000 rpm as well as 50% power increase 
against original Naturally Aspirated baseline.   
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ABBREVIATIONS AND SYMBOLS 
A [m2] Exposed combustion chamber surface area 
Å [Pa] FMEP 1st constant 
Apist [m2] Cross-section of piston bore 
Ɓ [Pa/deg] FMEP 2nd constant 
ℂ [Pa/deg2] FMEP 3rd constant 
c1 [-] 1st Wiebe function exponent 
c2 [-] 2nd Wiebe function exponent 
Dc [m] Cylinder bore 
F [N] External force applied 
Fknock [Hz] Knock frequency 
FMEP [Pa] Friction mean effective pressure 
H [J] Total enthalpy 
h [W/(m2K)] Heat transfer coefficient 
I1 [A] Primary current 
IFu [mA] Spark current 
IFu [mA] Spark current 
l [m] Connecting rod length 
m [kg] Mass of the fluid 
mact [kg/s] Actual mass flow rate 
mth [kg/s] Theoretical mass flow rate 
N1 [-] Number of primary windings 
N1 [-] Number of primary windings 
N2 [-] Number of secondary windings 
N2 [-] Number of secondary windings 
p [Pa] Pressure 
patm [Pa] Atmospheric pressure 
Q [J] Total heat energy 
Qconv [J] Heat lost by the convection 
R [J/(mol*K)] Universal gas constant 
r [m] Half of engine stroke 
R1 [Ohm] Resistance of primary winding 
R1 [Ohm] Resistance of primary winding 
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R2 [kOhm] Resistance of secondary winding 
R2 [kOhm] Resistance of secondary winding 
R25 [Ohm] Resistance @25°C 
rpm [rpm] Engine speed 
Rref [Ohm] Voltage divider reference resistor 
Rt [Ohm] Thermistor Resistance 
t [s] Time 
T [K] Temperature 
T1 [ms] Charging time 
Tatm [K] Atmospheric temperature 
TFu [ms] Spark duration 
Tg [K] Temperature of the gases inside the cylinder 
Tw [K] Temperature of the cylinder wall 
U [J] Total internal energy 
v [m/s] Velocity of the fluid 
V [m3] Volume 
V1 [V] Primary Voltage 
V2 [V] Secondary Voltage 
Vclear [m3] Clearance Volume 
Vd [m3] Engine displacement 
VINST [m3] Actual volume of combustion chamber 
Vref [V] Reference Voltage 
VT [V] Thermistor Voltage 
VZ [V] Zener Voltage 
W [J] Total work 
WFu [mJ] Spark energy 
xb [-] Wiebe function 
ηv [-] Volumetric Efficiency 
θ [deg] Crank angle 
θDUR [deg] Duration of combustion 
θSOC [deg] Start of the combustion 
λ [-] Lambda ratio 
ρ [kg/m3] Density of the fluid 
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τc [s/°C] Thermal cooling constant 
ϕ [-] Equivalence ratio of the air to fuel 
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